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1. INTRODUCTION ■ 

This chapter aims to provide guidance in the selection of techniques and operating 
conditions for the purification of proteins based on some of their structural properties. 
Each technique uses a single parameter (e.g. charge or hydrophobicity) to effect 
adsorption and separation. In contrast, separation based on biological interaction, which 
is mostly mediated through a combination of such interactions is covered in the next 

chapter. . 

Some general concepts are described in the first instance followed by sections on 
matrices and equipment which are common to all the techniques. This is followed by 
description of the theory and practice of individual techniques. The chapter is aimed 
at those not familiar with these techniques and who will be considering protein 
purification on a laboratory scale. For further information on this subject the reader 
is directed to references 1-11. 

♦ . * * . - 

2. GENERAL CONCEPTS 

2.1 Chromatography 

Chromatography is the differential separation of sample components between a mobile 
phase and a stationary phase. In the majority of applications the stationary phase consists 
of spherical particles which are packed into a column. A mixture of proteins to be 
separated is introduced into the mobile phase and allowed to migrate through the column. 
Those proteins having a greater attraction for the solid phase migrate slower than proteins 

more attracted to the mobile phase, thus effecting resolution (Figure J). 

.• 

2.2 Adsorption/desorption 

While purification by chromatography may provide excellent resolution c*f protein 
mixtures adsorption/desorption is of equal importance, particularly tor preparative work. 
This technique also separates proteins according to their relative distribution between 
a liquid and a solid phase, but is not based on speed of migration. It is generally used, 
in a batch mode to provide a rapid method of concentration and purification, most 
usefully at an early stage of a process. 

2.3 Compatibility . 

Table 1 shows that each method of purification places certain requirernehu on the sample 
which is to be purified. In the design of a purification procedure it is important that 
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Inlet 
Protein mixture 
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Protein bond. (A) 




Protein band (B) 



The column 
material consists 
of densely packed 
particles 



"Outlet 

(1) Initial conditions 



(2) During protein separation 



slower , than protein band (B). ; 

consecutively used techniques are therefore compatible. After a salt precipitation step 
SSlm sulphate? for example, the salt concentration of the protem^ontammg 
so "fionThigh and merefore unsuitable for the effective use of ion exchange without 

or dilution to reduce the ionic strength. Hydrophobe mteracuon 
however, requires a high salt concentration to promote protein adsorption and may 
Sore be used aftef ammonium sulphate precipitation with m,n,mal ^necessary 
SSI to the sample. Elution of proteins in hydrophobic interaction is frequent* 
acSished using a reduced ionic strength, allowing the subsequent use of an .on 
excSe stVpv^s the selection of technique is clearly dependent on its posmon in 
a purification scheme. 

2.4 Capacity ' .• 

Capacity is a measure of the amount of protein which can be adsorbed from solution 
onto a I t volume or weight of the stationary phase. High capacity techniques . ejj 
JemoveWeins from large volumes of solution and are therefore frequently used ear* 
onTa purification strategy where both the total protein level and solution volume a* 
high Ion exchange is an example of a high capacity technique often used to concentrate 
and purify proteins at an early stage of a purification. 



2.5 Selectivity 
Selectivity measures 
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Table 1. Characteristics of the purification techniques discussed in this chapter. 



Separation 
techniques 



Characteristics 



Sample composition 
Before v After 



Approx matrix 
cost £/Utre 



Stage of 
purification 



Ion 

exchange 



Hydrophobic 
interaction . 



High. capacity; 
used in batch or 
column mode 

High capacity; 
useful after salt 
precipitation 



Low ionic 
strength; 
correct pH 

High ionic 
strength 



Change in pH; 
high tonic 
strength 

» • i 

Change in pH 
and/or low 
ionic strength 



200 



400 



Hydroxy lapatite Mild separation 

conditions 



Metal chelate 



Covalent 



Not sensitive to 
ionic strength 



Matrix requires 

lengthy 

regeneration 



Neutral pH; NeutralpH; 
low phosphate high phosphate 
concentration 

Absence of Altered pH, 
chelators presence of 
chelators 



280 



Variable but 
especially early 



Variable but 
especially early 

■ ■ . '. * . ■ . - • 
Variable 



1000 



Variable 



Chromatofocusing High resolution 



Neutral at 
mildly 
acidic pH 

Low ionic 
strength 



Presence of 
low molecular 
weight thiols 

Presence of 
amphoteric . , 
buffer. pH 
close to 
protein pi. 



2000 



Late 



430 



Late 



• . ■ ' ■ ■ ■ 

solution with a high degree of rejection of contaminants. High selectivity methods are 
usually reserved for the last stages in a purification, since they are more able to separate 
the very similar proteins remaining after earlier general processing. Examples of highly 
selective techniques include affinity, covalent and metal chelate chromatography. 

■ -• 

2.6 Resolution 

Resolution of proteins is the aim of each purification step. It is a measure of the degree 
of separation of a required protein from contaminants. Methods which have a high- 
selectivity can therefore separate proteins with a high degree of resolution. 
Chromatography achieves better resolution than adsorption/desorption since the degree 
of separation is improved by multiple opportunities for re-equilibration as the developing 
front migrates down a column. Chromatography is therefore ideally suited to the 
separation of similar proteins while adsorption allows protein concentration. High 
resolution techniques include chromatofocusing and HPLC. The latter technique uses 
fast flow rates and small diameter particles to provide rapid high resolution separations. 

2.7 the efficiency of a separation 

The aim of a protein separation is to purify the maximum, amount of protein in the 
minimum amount of time. This is called the throughput. The throughput of a separation 
can be improved in two ways. 
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Highly cross-linked hydrogels 
e.g. Sepharose Fast Flow. 
Diameter 100 urn. 
Flow Rates>300 mls/cm/hr. 



Conventional 
Low Pressure Packing. 
Typically a cross-linked 
hydrogel of 100 urn ~ 
diameter. 
Flow Rates 100 mls/cm/hi 




MPLC Packings. 

Typically < 90 urn in diameter. 

Used at upto 50 bar. 



HIGH PERFORMANCE CHROMATOGRAPHY 



>^ 0 HPLC Packings. 

( ) 3-20 urn in diameter. 

Vw/ S~\ used at upto 400 bar. 



^iiiit^^^ ^x toign. The variety of station ptoses used in protein purification may 
be broadly divided between high performance and low pressure matrices. 

. . -; . . . -, .... • . . • . 

'.•'*."-.•"■■".• . ■ - ' ' 

. ■ ' ■'. ■'■ s. • ■ ' " ' •. '■ ,- •" : • .•■ ' . ' ■ 

(i) By the use of high edacity matrices which allow a large amount of protein to 

be purified at a time; '■ -.'.. '^ , 

(u) By using matrices which can be packed into a column and used at a high flow rate. 

Improvements in matrix design have teen achieved by 
(Figure 2). Firstly, more rigid; matrices have been designed by improving the flow 

• ' ■ * l . ** * v * " * 1 • * ■ * " . — * ■ , .* * • / * , . * * ' ' . * ! 
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Table 2. Typical characteristics of low and high pressure chromatography. 
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characteristics of existing chromatographic materials. This has been accomplished us- 
ing a higher degree of matrix cross-linking and by the design of composite materials 
with a rigid incompressible structure. These materials allow higher flow rates to be 
used without causing bed compression. 

Secondly, an alternative approach to improving both throughput and resolution has 
been in the design of more rigid matrices of smaller particle size (3-20 pm) in high 
performance (pressure) liquid chromatography (HPLC). The improved efficiency results, 
in part, from the reduction of diffusion effects which are responsible for the lower 
resolution achievable in low pressure liquid chromatography (LPLC). Diffusion is also 
reduced since high flow rates (100-300 ml cm*" 2 h" 1 ) at high pressure (>50 bar) are 
used in the very evenly packed columns usually supplied ready packed by manufacturers. 
A comparison of the characteristics of LPLC and HPLC is given in Table 2. 

Purifications in which the operating pressure lies between tihose used in LPLC or 
HPLC (i.e. 6-50 bar) are termed medium pressure liquid chromatography (MPLC). 

These techniques will be discussed in detail in subsequent sections. 

«*■■*■■ - • . . .'■•■». - 

2.8 Cost ■ - ■• 

The cost of each matrix and its re-usability are important considerations in its use. 
Generally those techniques providing a greater degree of selectivity are more expensive 
to use (Table J). Consequently high selectivity techniques tend to be used later in the 
purification when sample volume is low and many contaminants have already been 
removed, thereby requiring smaller matrix volumes. Implications of matrix, equipment 
and reagent costs in large-scale use are discussed in more detail in the companion to 
this volume Protein Purification Applications: A Practical Approach (see ref. 12). 

♦ * ■ - . . * * ■ * • . ■ . . 

3. MATRIX MATERIALS 

The matrix is the solid substrate of the stationary phase. It is modified to confer specific 
properties to the support by the chemical attachment of various functional groups. As 
the same functionality may be available on a wide range of matrices it is important 
to understand the physicochemical properties of the matrices and consider how these 
influence the selection of a stationary phase (Table 3). 
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Table 3. Some characteristics of commonly used matrices. 
Matrix Manufacturers 



Cellulose 



Dextran 



Whatman, 
Pharmacia-LKB 

Bio-Rad, Serva 
PharmaciarLKB 



pH 

stability 

3-10 
2-12 

if cross-linked 

.• « • 
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cross-linker 

Epichlorohydrin 



Epichlorohydrin 



Agarose 



Polyacrylarnidc 



Silica 
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Bio-Rad 
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IBF . 

Bio-Rad 
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*'."*■ * ■ ' -" 
Whatman 
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Dowex : 
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N-N* bis is toxic 



3-8 
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above pH8 



Any pH 



Divinyi 
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Non-ionic 
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Important criteria in the choice of a matrix are as follows, 
d) High mechanical stability: allows maximization of flow rate, mmimizes the 
- rA « lire droo and results in low abrasion. , • 

G^cheSi™ abUity: necessary to maintain the bed structure, allow s,en- 
lization and minimize contamination of the protein mixture.^ . . 
S capacity: for minimizing the bed volume thus max.m.zing speedy of 
. The capacity is dependent on the density of groups ava.lable for lunc- 

f„°^ts matrices pore size must be sufficiently large to allow access of proteins 
Po^sha^ 

;„Se^^ -"-^ 

adsorption which can eventually result in fouling of the j^nx- . ■ . 
MaS density should be suitable for the application; e.g. nujAzed beds require 
densities to be sufficiently high so as to maintain a stable bed. 

(vui) transfer 6f solutes from the mobile phase onto the stationary phase 

SarTeTy deTerniined by the diffusion distance (6,7). If smaller parucles are used 
chromatographic equipment must be available to delwer an even flow 
■ < of solvent at high back pressures. 
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Figure 3. The chemical structure of celh ■ 
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CH 2 OH 






CH 2 OH 

Figure 3* The chemical structure of cellulose: fi 1-4 linked glucose residues. 




(a) 



(b) 



Figure 4. The result of cycling dry cellulose (a) in 0.5 M NaOH leads to ah opening up of the fibrous structure 
and widening of the matrix pores (b). 
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3.1 Cellulose 

This is a linear polysaccharide of 01-4 linked glucose monomers (Figure 3). Each 
glucose residue has three hydroxyl groups which makes the matrix very hydrophilic 
and easily derivatized. Cellulose itself is relatively inert towards proteins and unstable 
towards mineral acids, alkalis and oxidants. Ceilulosic ion exchangers have an operating 
pH range of 3 - 10 but can withstand 0.5 M alkali for up to 2 h. The pores in cellulose 
are formed at regions of the polymer structure where hydrogen bonding between chains 
is reduced. The nature of these pores depends on the degree of solvation and the batch 
of cellulose. It is necessary to pre-treat dry cellulose in 0.5 M alkali for 30 min in order 
to swell the matrix and open up the pores {Figure 4), ■■ .. . ■ . 

Cellulose is available in fibrous, microgranular or bead form. The fibrous matrix 
has good hydrodynamic properties (400 ml cm" 2 IT 1 ) arid is recommended for use 
in early purification steps. Microgranular cellulose provides better resolution since matrix 
rigidity and porosity are increased by chemical cross-linking and partial acid hydrolysis. 
Both matrices are unstable at high flow rates and may collapse. Beaded cellulose is 
a further improvement in rigidity and chemical stabDiry giving the best hydrodynamic 
properties, ■ 

3.2 Agarose 

Agarose is a polysaccharide obtained by purifying agar, a component of seaweed. It 
is composed of polymeric chains of the disaccharide agarobiose (D-galactose and 
3,6-anhydro-l-galactose) {Figure 5), and forms a very porous hydrophilic gel struc- 
ture upon cooling hot solutions containing agarose at concentrations fe low as 2 % w/v 

(Figure 6) (13). V ... . 

The matrix is highly porous with minimal non-specific adsorption which can be 

■.• "... v ■ .181 
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Figure 5. The chemical structure of agarose: the disaccharide repeating unit. 




Figure 6. The macrostructure of agarose: a highly porous hydrophilic matrix. 

reduced even further in the presence of low concentrations of salt (20 mM). While simple 
agarose gels have limited stability at extremes of pH, this can be extended by cross- 
linking with dibromopropanol to provide a gel which can be autoclaved at 120 C and 
is stable over a wider pH range (3 - 14). The level of cross-linking arid amount of agarose 
used control the pore size of the gel. Agarose matrices should never be allowed to dry 
out since they undergo irreversible changes in structure once the structural water is lost 
Gross-linked agarose also has good hydrodynamic properties; flow rates of 10-30 ml 
cm -2 h -1 are common. However, a new generation of more highly, cross-linked 
agaroses are now available (e.g. Sepharose Fast Flow) with flow rates up to >300 ml 
cm" 2 h -1 . In practice, optimum resolution is obtained at 30-60 ml cm h . 

3.3 Dextran 

Dextran (4) is an extracellular polysaccharide produced by the bacterium Uuconoswc 
mesenteroides and consists of glucose residues linked by ot l -6 bonds {Figure 7) Each 
residue has six hydroxyl groups, providing a very hydrophdic matrix which is relatively 
chemically inert and easily derivatized. Dextran matrices are less stable than cellulose 
to acid hydrolysis but can withstand 0.1 M HC1 for up to 2 h. The matrix is stable 
over a wide pH range (2-12) and is cross-linked with epichlorohydnn {Figure 8) for 
I U se as a gel matrix in column chromatography. As with agarose, the amount of cross- 
linker used controls the pore size of the matrix, the gels are rather soft, easily com- 
Dressed and swell considerably in aqueous solutions. : _ r ' v 

• The exclusion limh of commerciaUy used dextran matrices is, at 300 kd (for a globular 
Drotein) , rather less than agarose. Unlike cellulose, the pore size is relatively homogenous 
and does not require any pre-treatment other than soaking the matrix to allow swelling. 
Cross-linked dextrans are autoclavable but biodegradable: Dextrans can be repeatedly 
dried and swollen without alteration of chromatographic properties. DeXtran-based ion 
exchangers suffer from a strong dependence of bed volume on pH and ionic strength, 
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Figure 7. The chemical structure of dextr 
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Separation based on structure 

The hydrophilic compressible gels produced are used in gel permeation and modified 
to form ion exchangers. Gels are autoclavable and, although chemically, stable tox,c 
acrylamides may slowly leach and may therefore limit their use "^"tg^ 
ceutical applications. Manufacturers of these materials include IBF and Bio-Rad. 

3.5 Natural earths 

This group of matrices includes Kieselguhr, Fullers Earth, Bentonite and Alumina. These 
materials may serve without derealization for the adsorption of proteins although . the 
Set mechanisms involved are not well understood. Kieselguhr, denved from the ^suica 
shells of diatoms, has been used most as a matrix for both HPLC and LPLC. In the 
latter example, inorganic particles are fabricated into macroporous particulate matrices 
of size 250-500 jun with very large pores (up to 7 nm) and.highly stable characteristics. 
These granules may serve as adsorbents (e.g. Titania) or provide an inert matrix for 
subsequent use in combination with hydrogels as composite ion exchangers (14). 
Matrices are incompressible, allowing high flow rates with minimal back pressure m 

^Alumina is formed by the precipitation of sodium aluminate to form aluminium 
hydroxide which, through thermal dehydration and ageing yields porous alumina 
aggregates (3). Matrices may be slighdy acidic, neutral or basic in water depending 
Se treatment. Alumina is used in HPLC as porous or pellicular particles (Merck- 
Lichrosorb. Whatman-Pellumina) or as a batch adsorbent (Bio-Rad, BDH, Sigma). 

,-■*-' 

■ 3.6 SIHca ' . ' 
Silica matrices (15), commonly used in HPLC, are formed by the acidification of sodium 
silicate to form a sol of orthosUicic acid which is subject to polycondensation during 
ageing to yield silica particles (Figure 10). The silanol (Si-OH) groups present at the 
sUica surface make them very hydrophilic and easily derivatized Silica matrices are 
incompressible and thus well suited to HPLC, They are unaffected by organic solvents 
and mechanically stable but gradually dissolve above pH 8. In^denvatized silica 
unreacted silanol groups provide the matrix with a weak cation exchange nature which 
is usually masked by end-capping with, for example, tr.methylchloros.lane. Sdicas ; are 
used in HPLC as porous particles or as coatings on glass beads in pellicular packings. 
Serva also produce silica matrices for low pressure chromatography (Daltosil) using 
a particle size of up to 200 >un and pore sizes up to 30 nm. 

3.7 Porous glass 

ConiroUed pore glass (CPG) is formed from the chemical.treatment of alkaline 
L>silicaie glass (16),CPG in bead form has been usedin HPLC as J*«»^. 
thermally stable matrix. Like silica, it is a negatively-charged aerogel which dissolves 
in alkaline conditions. CPG has a narrow pore size distribution and although used in 
HPLC, is a less common matrix than silica. Manufacturers include Serva, BDH ana 
Sigma> / V-.':.-'-;^.;^ ■ , ^/.VU ■• '■ './ = •' 

•-. " .' '. ' ••■',«'" 5 ■ ■ • • ' ' .""••'»' ' - ' " • " '■ *" " 

• . • • ■ . • . . ■ • . , . . ■ . • . . ■ . ■ '. • ' ' - • ■ ' ■• 

■ ' ' • ■ *.*. '"' ■-' * , ' "- ***'.**■' 5 "' ' - 

3.8 Polystyrene and phenol-formaldehyde - 
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figure 10. The polycondensation of silicic acid to produce silica gel. At the siHca surface, silahol groups 
remain, giving silica gel its desiccant properties. < ■ 
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Figure 11. (a) The chemical structure of polystyrene resins (b) The chemical structure of phenol-formaldehyde. 



beads, called resins. The pore size of the resins is controlled by the level of cross- 
linking which in turn is determined by the amount of di vinyl J^enzene used in the 
manufacturing process (4). Although originally used in water treatment and essentially 
non-ionic in nature, the hydrophilic nature of the resins has been increased by attaching 
ionic groups so that they can be used in protein recovery and immobilization (17). 
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Figure 12. Typical components of low pressure chromatography. Notice that the tube length between the 
coJumn outlet and the detector is kept small so as to minimize loss of resolution. 

• ■ - 

4. CHROMATOGRAPHIC EQUIPMENT AND BASIC PROCEDURES 

Although proteins are separated using a variety of matrices the basic components of 
a chromatographic system are similar and consist of the following, 

(i) 

00 
(iii) 



A pump to give an even flow of liquid, 
A column in which the protein separation occurs. 

A detector to provide a continual measurement of a physical parameter of the 
eluent. ■ 

A recorder to give a continuous visual read-out of the detector output. 
A fraction collector to separate the column eluent into samples. 

These are typically set up as shown in Figure 12. The requirements of each unit, 
in particular the pump and column, differ depending on the operating pressure. 
Consequently the equipment and procedures for protein separation will be subdivided 
as follows: r' m 



(iv) 
(v) 



LPLC: 

MPLC: 

HPLC: 



<5 bar 

6-^50 bar 
> 50 bar 



Pressure units can be intercoriverted using the formula: : 
y V ; 1 bar = 15 p.s.i. « 0.1 MPa 




Figure 13. Roller fle ft) and planetary (right 
Table 4. Some commonly used peristaltic 



Manufacturer 


Puny, 


Bio-Rad , 


Econ» 


Pharmacia-LKB . 


PI 




P3 




P500 


Watson-Marlow 




Whatman 


Perisi 



4. 1 Low pressure equipment 
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Figure 13. Roller (left) and planetary (right) pump designs commonly used in low pressure chromatography. 
Table 4. Some commonly used peristaltic pumps. 



Manufacturer 


Pump name 


[Description 


Bio-Rad 
Pharmacia- LKB 

Watson-Marlow 
Whatman 


Econo-column 

PI 

P3 

P500 

Peristaltic . . 


2 channel' 0.6-325 ml h' 1 
,1 channel 0.6-500 ml h~ l 

3 channel 0.6-400 mJ h~ ! 
Dual piston, high precision 
Wide variety available 

4 channel 0.03^-2280 ml h" 1 



4.1 Low pressure equipment 

4.1.1 Pumps 

A variable speed pump capable of directing solvent at a low flow rate is suitable. This 
is commonly a peristaltic pump which uses silicon, PVC or fluoro-rubber tubing and 
may be of two designs: (i) roller; (ii)* planetary as shown in Figure 13. 

A roller pump directs solvent by tube compression using rollers at the periphery of 
a revolving disc, the amount of compression being controlled by tightening a screw 
against a tube guiding plate. A drawback of this type of pump is that the tubing will 
gradually wear. 

A planetary pump also directs solvent by tube compression using rollers but these 
rub against each other and gradually wear* 

Examples of the most commonly available pumps and their specifications are given 
in Table 4. Many pumps can induce flow along several tubes of varying diameters 
simultaneously. Pumps must be calibrated for a specific diameter of tubing. 

" • • K . • • ■..*""*■*. 

4.1.2 Columns 

Low pressure chromatography columns are available frorri a large number of manu- 
facturers in different lengths, sizes, degrees of chemical resistance and mechanical 
strength (Table 5). For simple small-scale laboratory experiments, however, columns, 
may be made in the laboratory and, although less exact in their design, are suitable 
for some separations. A glass column with a fritted glass filter at its base can be used 
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Table 5. List of some small scale chromatography columns. 



Manufacturer 



Trade name 



Description 



Alltech 


.Ch emmcrt 
MB 

> LC . 


* ntace fW#vt h#»H IS 100 cm leitfith 

vJla55t 1 1ACU UvU t i J I W win .«wugvji 

Glass, adjustable. 33- 109 cm length 


Am icon 


Lab Columns 


» 

Glass + polyarnidc, polypropylene 
4-1520 ml volume 


Beckman 


j ' 

' " ' " * 

**■■•*" 


For low — medium pressure 
Glass and fluorocarbon 
■" Adjustable, solvent resistant 


Bio-Rad 

• 

i * 


Econo-columns 

Bio-Rex MP 

»• . 

• "•..* 


Glass, adjustable ... 
Up to 590 ml volume 
Solvent resistant 

Pressure resistant up to 500 p.s.i. 
15-2000 mJ volume 

• 


- 

Pharmacia-LKB 

* * ... 


* 

C-Series 

* * * - . 

K-Serles 
SR Series 


Glass and polypropylene, poly amide, 
polyethylene and fluoro-rubber 
Up to 520 ml volume 
Adjustable, autoclavable 
For labile biopolymers 
Available at different levels of 
. solvent resistance 
Up to 1800 ml volume 
Adjustable 

Minimal heavy metal contamination 


Pierce 

• 

* 


[Chromato Flo 

■ * « 


Glass and polypropylene or teflon 
Adjustable 19-1 176 ml volume 


Whatman 

* 


• IEC 


Glass and polypropylene 
volume up to -500 ml 



-. - • ■ ■ . 

for separations provided a tube can be fitted to the column top to supply a solvent inlet. 
The glass frit must retain the adsorbent particles but must not restrict flow. 

Commercially available columns used in small-scale separations are usually made 
of glass with a variety of internal diameters and column lengths to give a packed bed 
volume of up to 2 litres. The volume of most columns may be adjusted using adaptors 
mounted at the inlet arid/or outlet. All these columns are of modular design so that 
their end fittings can be interchanged for cleaning. Many columns are jacketed for 
temperature control and are autoclavable: Where columns cannot be autoclaved, 
sterilization with ethylene oxide is recommended. The sorbent bed is held in place by 
a mesh (usually 20 Mm) while the inlet may be fitted with a reversed funnel design to 
provide an even solvent distribution over the packed bed. 
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Description 



Glass, fixed bed, 15-100 cm length 
Glass, adjustable, 33-109 cm length 

■ ■ •■ ■ • • • . . ■ * 

Glass + polyamtde, polypropylene 
4-1520 ml volume : . 

For low - medium pressure 
Glass and fluorocarbon 
Adjustable, solvent resistant 

Glass, adjustable 
Up to 590 ml volume 
Solvent resistant 

Pressure resistant up to 500 p.s.i. 
15 -2000 ml volume 

♦ 

Glass and polypropylene, poly amide, 
polyethylene and fluoro-rubber 
Up to 520 mi volume 
Adjustable, autoclavable 
For labile biopolymers . 
Available at different levels of 
solvent resistance 
Up to 1800 ml volume 
Adjustable 

Minimal heavy metal contamination 

Glass and polypropylene or teflon 
Adjustable 19-1176 ml volume 

Glass and polypropylene 
volume up to -500 ml 
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: 4:1.3 Detectors r ;', y" • -V : \ ' : . /*' 

Detectors may measure UV absorbance, fluorescence, conductivity, radioactivity or 
■ optical density. The strong absorption of light by proteins at 206-215 nm and 280 run 
is due to peptide bonds and aromatic amino acids, respectively. UV absorption is 
therefore the most common method of protein detection used and although fluorescence 
detectors may provide improved sensitivity, the necessity for sample deriyatization prior 
to detection means that this method of detection is less common, ^ \ ; 

Ultraviolet detectors used in low pressure chromatography commonly have mercury 
or zinc lamps. The UV light from the lamp passes through the stream of an elueiit liquid 
and then; through an optically clear silica continuous flow cell, The diminution in light 
intensity due to absorption by the proteins is detected by a highly sensitive photocell. 
This generates a signal (0- 10 mV) which is passed to a chart recorder . The sensitivity 
of the detector can be adjusted to alter the output signal. 

The Pharmacia UV1 detector monitors at 254, 280 or 405 rim using a low pressure 
mercury lamp while the UV2 has two independent monitoring systems using two* optical 
pathlengths (20 mm and 1 mm) on the $ame flow cell. This provides two levels of 
sensitivity from the same detector allowing the measurement of low levels of protein. 

Bio-Rad market two detectors. The 1306 is a variable wavelength low noise UV detec- 
tor which can be used on any scale of chromatography from micropore to preparative.. 
The 1740 model monitors at 254 and 280 nm by changing filters using a mercury lamp. 

4.1 .4 Fraction collectors . 

Fraction collectors allow the automatic collection of samples taken from the column 
after they pass through the detector. The number of fractions taken and the time or 
volume of each sample can be pre-set. Many fraction collectors (Table 6) are 
programmable, allowing the collection of only the desired protein peak or the control 
of washing and elution cycles. 

4.2 Basic procedures in low pressure chromatography 

The basic procedures in establishing any LPLC purification step are discussed below. 
4.2.1 Choice of column dimensions 

The optimum size and dimension of a chromatography column will depend on several 
factors which include the sample size, the protein concentration, the adsorbent capaci- 
ty and the type of matrix used. . 

Traditionally chromatography columns are long and thin (Le. high aspect ratio). This 
leads to a low flow rate and long separation times. However, short, wide columns are 
required in order to minimize gel compression; flow rates are consequently higher. " 
Both column designs have their drawbacks! Long, thin columns are excellent for 
maximizing peak resolution, the longer process time may, however, lead to loss of 
protein activity in some applications (8). Even a well distributed flow is less easy to 
control with wide bore columns so that channelling of solvent flow is more likely, leading 
to loss of resolution. Hydrogel matrices are commonly used in stacked column arrange- 
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Table 6. List of some commonly used fraction collectors. 




Manufacturer . 


Name 


Details- 


LKB ... 


:/ UltroRac 

■ * 


* 

200 tubes maximum 

Three collection modes (time, volume, drop) 


' ' ... ' 

• " . * 


SuperRac 


312 tubes maximum. Time, volume, drop 
modes. Programmable 


"** " ' ■ " " " . 


HeliRac 
RediRac ' 


Compact design, external control, . 

160 tubes maximum. Time, volume or drop 

mode 


Pharmacia 


Frac 100 


Up to 95 tubes. Automated or manual 




Frac 200 
Frac 300 


Up to 300 tubes. Microprocessor controlled 

" * 


Table 7. Sample loading requirements for different methods of protein purification: 


Purification method 




..'•'.% of bed volume required 
. . for loading 


Adsorption (concentration) 
Stepwise gradient 
Continuous gradient 
Isocratic 


. • ■ • ■ . ■ . ■ 
- . ■ 

7 ' ' 

* - . " ■ 


Up to 100 
Up to 50 • 
5-10 \ 

• 

1-5 



ments in latge-scale purification. More rigid matrices, typified by the new series of 
Macrosorb type adsorbents, can be used at a high flow rate in long, narrow columns 
without pressure build-up and matrix compression. The choice of optimum dimension 
is therefore clearly dependent on matrix type; this becomes more critical in large-scale 
process chromatography where back pressures are more significant. 

The total volume of matrix required will depend on the capacity of the adsorbent 
and the protein content of the sample. A method for calculating adsorbent capacity is 
given in Section 4,2.2. Manufacturers* data on adsorbent protein capacity should always 
be treated as an upper limit since they are. calculated under conditions of excess pro- 
tein. Working capacities are frequently much less and dependent on the protein size 
and sample characteristics (pH, ionic strength, presence of contaminants). Working 
capacities of ion exchangers are usually around 30 mg ml" 1 of matrix when using 
complex protein mixtures (8). 

For stepwise eiution the sample should be loaded onto approximately half the packed 
bed volume leaving the other half to effect separation during eiution. The bed volume, 
for eiution is kept small to minimize band spreading through diffusion during stepwise 
eiution. Columns are consequently short. In gradient eiution, however, longer columns 
are required and best resolution is usually obtained if the top 10% of the bed is used 
for initial sample loading. A longer column can be used since band spreading is 
minimized due to the continuously changing eluting conditions. 

In some purifications the primary objective of the step is concentration rather than 

i . • • . • v. ■' ■ • ■..*..■• ... . • . ■ • * ■ 
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Figure 14. Adsorption isotherm used for the calculation of adsorbent capacity; 
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fractionation. In this technique the process of adsorption rather than chromatography 
is common. The total bed capacity may therefore be used for the adsorption step, 
allowing the concentration of protein from a large volume of sample onto a packed 
bed. The required protein is then eluted in a small volume. 

The calculation of the required bed volume therefore depends on the method of 
purification: these*are summarized in Table 7. 

■ * »*,»".»* 

4.2.2 Calculation of adsorbent capacity ; 

The capacity of an adsorbent is dependent on the molecular weight of the required 
protein, the adsorption conditions and the nature of the sample. Generally more porous 
matrices should be used for high molecular weight proteins (> 100 kd). For the 
adsorption of very large proteins (>4 X 10 3 kd) surface adsorption is usually 
preferable. A matrix should therefore be selected with an adequate degree of porosity 
for the protein to be purified. ■ 

The capacity should always be calculated using the conditions used for adsorption. 
In particular the pH, ionic strength and level of contaminants should be identical. An 
approximate indication of an adsorbent capacity can be obtained by loading a sample 
onto a small packed bed under the adsorption conditions until the desired protein appears 
in the eluent (i.e. breakthrough). Alternatively, the adsorption isotherm of the adsorbent 
for the protein may be determined. This can be calculated by measuring the batch 
adsorption of protein from a fixed volume of sample onto variable volumes of adsorbent. 
The adsorption can be carried out in test tubes in which the adsorbent and sample are 
gently mixed until equilibrium is reached. The amount of the protein left in each solution 
at equilibrium is then measured. From this the amount adsorbed per unit volume or 
weight of adsorbent (q) is calculated. The adsorption isotherm for the protein can then 
be drawn by plotting q against c (Figure 14) from which the capacity (expressed 
in mg of protein adsorbed per unit volume or weight of adsorbent) is calculated. The 
maximum volume or concentration of sample which can be applied per unit volume 
of adsorbent can then be determined. As mentioned earlier, the total bed volume required 
then depends on the method of purification (fable 7), 
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Method Table 1. General procedure for column packing. 

1. If necessary, pre-treat the matrix to allow removal of contaminants or to ensure 
pore swelling- Fibrous celluloses, for example, require pre-soaking in 0.5 M 
NaOH for 30 min while synthetic resins may need an alkali/acid cycle. 
Manufacturers' literature should be consulted. 

2. Remove any fines from the matrix. Mix the adsorbent with 5—6 times its volume 
of buffer, allow to settle and decant off the cloudy supernatant.. Repeat 3—5 times. 

3. Remove the buffer until its volume is half that of the adsorbent; this ratio is 
generally most suitable for column packing. If necessary degas the slurry under 
suction. . ••• : 

4. , Clean the column, clamp the oudet and pour the matrix suspension in slowly 

with the column slightly tilted. An extension tube may be used if necessary. 
Packing can be speeded by opening the column outlet. 

5. Ensure the column is vertical, and filled to the top with buffer so that an upward 
meniscus appears, eliminating any air. Fit a column adaptor at the inlet and pump 
through at least two bed volumes of buffer prior to sample application. 

4.2.3 Column packing 

A general procedure for column packing is shown in Method Table 1. It is essential 
to remove any fines from the matrix prior to use. If these are not removed they will 
fill the voids between matrix particles and block the support thus reducing the flow 
rate and causing a non-uniform flow. The time required for matrix settling in fines 
removal depends on the adsorbent and can vary from a few minutes (e.g. resins) to 
half an hour in the case of cellulose. 

The ratio of buffer to matrix used in column packing should provide a suspension 
which is sufficiently dilute to allow the escape of trapped bubbles, but not so thin that 
turbulence is promoted during packing, leading to particle distribution according to 
size. This is critical when using hydrogels but with more dense packings it is frequently 
possible to fluidize the bed by back- washing after packing in order to achieve an even 
bed. ' 

An extension tube is supplied by some companies (e.g. Pharmacia) and is fitted to 
the column inlet during packing to allow all the matrix slurry to be poured at once. 
•Extension tubes are usually of the same diameter as the column but half the length. 
Once a column is packed it should never be allowed to dry; this is particularly important 
in the use of hydrogels such as agarose where the matrix is irreversibly damaged upon 
drying. 



4.2.4 Sample application 

The introduction of the sample in low pressure separations can be achieved by stopping 
the flow of buffer and layering the sample directly onto the matrix bed. This method 
is described in Method Table 2. 

The protein Sample should be equilibrated in the same buffer used for column 
equilibration. This minimizes localized pH or ionic strength jfluctuatipns which may 
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Method Table 2. Procedure for open column sample Application. 



1 ; : Drain off excess buffer from the column top until its level just reaches the top 
of the bed. ; " y-.;'' '•..•'/' 

2. Close the outlet and layer on the sample using a syringe via the column wall 
so as to minimize disturbing the bed; 

3. Open the outlet and drain the sample onto the bed. • 

4. Apply elution buffer until it is 1 —2 cm above the bed. The column wall should 
be washed in the process. Connect the column inlet and begin elution: 



impair resolution. Samples should also be freed of particulates, including precipitate, 
using centrifugation or precipitation. 

The sample may alternatively be layered onto the column bed under a layer of .eluent; 
to achieve this the sample density is increased, usually with sucrose (3). 

The volume of sample applied will vary. In ion-exchange chromatography it is 
dependent on the protein concentration of the sample; if too high (>50 mg ml^ 1 ), the 
rapid adsorption of protein to the column may provide a localized pH and ionic strength 
fluctuation through rapid counter-ion release resulting in loss of activity. Reproducible 
column separations are usually best achieved with dilute protein samples. In ion exchange 
a protein concentration of 10—20 mg ml -1 is recommended (8). Large volumes of 
samples can be pumped directly onto the column. 

4.2.5 Elution j 

After sample application the column may be washed in equilibration buffer to remove 
unbound contaminants. For proteins with partition coefficients less than 1 the washing 
volume should be minimized in order to limit loss of protein in the column wash. 

In column chromatography the protein of interest may be separated from contaminants 
by adsorbing the protein followed by selective desorption or by adsorption of 
contaminants, allowing the protein to pass through the column without retention. The 
former option is most commonly used in protein purification since it allows a greater 
degree of protein fractionation during the elution step. 

Elution of proteins from columns is achieved using three possible methods. 

(i) Isocratic elution— the composition of the eluent does not change during the course 
of elution. • - * 

(ii) Stepwise elution— the eluent composition is changed at least once to provide 
conditions more favourable to elution. 

(iii) Gradient elution— the eluent composition is changed continuously to conditions 
favouring protein dissociation from the packing. * : * 

In isocratic elution the degree of resolution is invariable and fixed by the eluent com- 
position. A weak eluent may therefore never effectively elute bdund protein while an 
excessively strong eluent would lead to loss of resolution. Trial arid error is therefore 
required for its success. Its chief advantage is its simplicity and the minimal requirements 
for equipment and handling. It is seldom used in LPLC due to the improved resolution 



193 



J - . 

Separation based on structure 



Limit buffer 




To 

column 



Mixing 
chamber 



(a) 



— M ag n e t f c st ir r e r 




To column 



Magnetic stirrer 



Figure 15. Simple apparatus for use in gradient elution consisting of two beakers connected via (a) a J>eristaltic 
pump or <b) a tube at their bases. 

achievable using stepwise or gradient elution but is common in more rapid methods 
of protein resolution such as HPLC. 

Stepwise elution is generally more reproducible than gradient methods (8) using 
laboratory apparatus. Two problems however arise in its use. 

(i) Following a step change in elution conditions, a large number of proteins may 
be co-eluted with the consequence that selective desorption is lost. 

(ii) The increase in partition coefficient which occurs as a protein is eluted may cause 
a fraction of the protein to remain bound to the column packing. Consequently 
in batch elution a protein may occur in several eluted fractions, while in column 
elution peak tailing may result. 

Nevertheless stepwise elution is most commonly used in large-scale chromatography 
due to the simpler apparatus requirements compared to gradient methods. This elution 
method is also ideally suited to batch adsorption methods where the adsorbent is simply 
given a series of batch elutipn washes. Stepwise elution uses conditions which 
increasingly favour protein desorption from the adsorbent. 

Gradient elution is the most widely used method of protein desorption in laboratory- 
scale chromatography. The changing el utidn conditions provide improved resolution 
over stepwise methods since peak tailing is riot encouraged. On a laboratory scale a 
simple gradient elution apparatus can be constructed using two beakers joined at their. 
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Figure 16. Alternative gradient shapes c 
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Figure 16. Alternative gradient shapes commonly used in protein elution. 
Table 8. The three basic types of gradients used in column chromatography. 



Form of gradient 


Requirement 


Result, ■ 


Linear 


R.2 ^ 




Concave 


R 2 > 2R, 


. V .Better resolution initially 


Convex 




Better resolution at end 




or R 2 < 2R| 





» . 

Rl, flow rate from limit buffer to mixing chamber. 
R2, flow rate from mixing chamber to column. 

. " . * ;-"..*' " • ... 



base or connected via a peristaltic pump (Figure 15). One beaker acts as a mixing 
chamber while the other determines the upper limits of the gradient .and is termed the 
'limit* buffer. It is usually advisable to use a linear gradient initially and then, if more 
resolution is required, alter the gradient shape either to a convex or.concave shape (Figure 
16). The steeper the gradient, the closer proteins will be eluted. The form of the gradient 
is governed by the rate of mixing the limit buffer with the mixing chamber. A linear 
gradient is produced by using two pump channels. Buffer is removed from the mixing 
chamber at the same time as limit buffer is pumped in. The gradient shapes are produced 
as shown in Table 8. : - ... / 

In gradient elution the volume of eluent should be about five bed volumes (16). Larger 
volumes may result in band spreading and dilution since proteins will be eluted over 
a wide window of solvent composition. More complex gradients may be produced if 
two limit buffers are used or if the strength of the limit buffer is altered during elution. 
Generally, however, the gradient shapes described above are sufficient for most 
'separations. • 
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4.2.6 Flow rate selection 

The optimum flow rate for a separation is always a compromise between achieving 
maximum resolution and reducing process time. Prolonged elution times resulting from 
excessively low flow rates may, however, result in band spreading through diffusion. 
Conversely, at a high flow rate, separation times are faster but back mixing limits the 
resolution obtainable. While some packing materials may allow very fast flow rates 
with minimal back pressure, mass transfer restrictions may limit the equilibration 
between the pores and the interstitial space. Thus the optimum flow rate is considerably 
less than the maximum. The nature of the sample, particularly its viscosity, may also 
restrict the choice of flow rate. An estimate of the appropriate flow rate is usually found 
in the manufacturer's literature and may then be followed by laboratory-scale studies 
to determine the influence of increasing flow rate on resolution. Protein purifications 
are usually performed at a flow rate of 10—30 ml cm" 2 h~'. Some matrices (e.g. 
Sepharose Fast Flow) can be used at higher flow rates; however, flow rates used during 
fractionation should be much lower (20% of maximum value) to obtain optimum 
resolution. Higher flow rates may however be used during sample loading, washing 
and buffer re-equilibration stages, this is particularly useful in concentration steps where 
large volumes are processed. 

A detailed discussion of the principles involved in column scale-up is outside the 
scope of this chapter. However, prior to scale-up the optimum linear flow rate (expressed 
as flow rate per unit of column cross-sectional area) and bed height are determined 
on a small scale. On scale-up the bed diameter is then increased and the same linear 
flow rate used (18,19). In addition the volumes used in sample loading, washing and 
elution are increased in proportion to the increase in bed volume. The object of scale- 
up of a chromatographic separation is to obtain the same percentage yield and product 
quality in the same time (20). 

4.2.7 Column regeneration 

Following elution of the desired protein, strongly bound protein and non-protein material 
should always be removed from the adsorbent to prevent a slow- build-up of con- 
tamination which would result in column fouling, loss of resolution, blockage and 
contamination of the purified sample. 

' In column chromatography regeneration is frequendy achieved in situ. The conditions 
used depend on the chemical stability of the matrix, in use, the nature of the contamination 
and the application. Hydrogel based ion exchangers, for example, are commonly 
regenerated in a high salt concentration (e.g. 1 M NaCl) to remove bound protein. This 
is followed by washing in one column volume of 0.5 M NaOH to remove the very 
strongly bound material. This alkali treatment also serves to sterilize the column pack- 
ing and remove any lipids and pyrogens. The alkali must be washed out from the col- 
umn using several column volumes of equilibration buffer so as to prevent matrix 
•deterioration/;. 

More strongly bound proteins may be removed using 6 M urea or detergents provided 
they are washed free from the cblumn after use; Pharmacia-LKB recommend detergents 
are removed using an increasing ethanol gradient (25 -95 %) followed by butanol , ethanol 
and distilled water. *;V':.v ^V^.V- 

More chemically stable matrices such as the synthetic resins can withstand stronger 
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4.2.8 Storage ■ : - ■ ' ' •' ■ ,'>■:.-'. •.'■'*/•' ' •" 

Prolonged storage of the matrix requires the addition of agents to prevent microbial 
growth using the matrix as a substrate. Commonly used preservatives include 20% 
ethanol and, in rion-tiierapeutic applications (9), 0.2% merthiolate, 0.02% hibitane, 
0.02% sodium azide or 0.5% chloretone. Long term storage of matrices in alkaline 
conditions should be avoided to prevent degradation of the. matrix structure; Additional 
details for regeneration of specific adsorbents are given in later sections. 

4.3 Medium and high pressure equipment 

Both MPLC and HPLC equipment have certain requirements not necessary for the 
successful use of LPLC. 

(i) The pump must provide constant, pulse-free flow at increased back pressure. 

(ii) The column must be capable of withstanding the increased pressure. 

(iii) The detector should have a fast response time since protein peaks may pass 
through in a matter of seconds. . V 

In MPLC, equipment has been designed to minimize protein denaturation and allow 
the use of halide-containing buffers (21). Consequently stainless steel components 
commonly used in HPLC have been replaced with borosilicate glass, titanium and teflon. 

The requirements of each component are discussed below. 

• * • ■ * ■ » 

• * * ■ 

4.3.1 Pumps 

A variety of pumps exist for use in high performance separations (Table 9). The majority 
are designed on the common feature of one or two plunger pumps providing flow through 
operation of a ball-type valve controlling alternate solvent delivery and suction. Pumps 
may direct solvent from two plungers (e.g. Waters 501, LKB 2150) or by using a single 
plunger with two pump heads (e.g. Gilson 302, Beckman HOB). Where salt-containing 

Table 9. List of some commonly used HPLC/MPLC pumps. . 



Manufacturer 


Name 


■ Description .. 


Beckman 


HOB 


Single piston 


Bio-Rad 


1350 Soft sun 


ptial pistons 


Cecil 


CE 1100 


■ Dual overlapping pistons 


Gilson 


302/303 


... Single piston 


LKB 


2150 


V Dual piston . . . * 


Perkin Elmer . 


Scries 100 


Single piston 


Pharmacia 


P500 


Biocompatible dual piston 




• ■ 


(FPLC) ■ 




P3500 


\ Biocompatible dual piston 


■ * ■ 




: \ (HPLC). • . " . ; . 


Philips • . 


PU4100 


Dual piston ; ' • 


Shimadzu 


LC-6A 


Single piston 


Waters. 


501 


Dual piston 
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Figure 17. Loop injector design. The sample is first injected into a fixed volume loop (port 1) which is 
then incorporated into the solvent flow by rotating the inner cylinder. 

buffers need to be used frequently stainless steel must be eliminated from all parts of 
the pump which come into contact with the fluid. In the Pharmacia P500 pump for 
example v a two plunger system is used consisting of borosilicate glass cylinders and 

fibroplastic reinforced titanium plungers. 

'■*■-." *• ...... 

4.3.2 Sample application 

In high performance separations a small volume of sample (10—100 pX) is usually 
injected into the solvent flow without interruption. This may be achieved using a 
Hamilton syringe direcdy to inject the sample through a hermetically sealing septum 
into the solvent flow.. Loop injectors are however more common (e.g. Rheoclyne) 
allowing the injection of a fixed volume of sample (e.g. 20 pX) into a sample loop which 
is then flushed through with solvent to inject the sample onto the column (Figure 17). 

4.3.3 Columns . 

In HPLC the column arid tubing must withstand the high operating pressure. 
Consequently stainless steel is used and sealing. between the two is ensured by using 
metal ferrules compressed against steel nuts. Stainless steel columns are usually 
15—30 cm long with an internal diameter of 2~ 9.5 mm, with 3.9 and 4.6 mm being 
most common. The trend towards the use of microbore systems for more rapid analysis 
using less solvent has, however, led to the use of even narrower and shorter column 
dimensions. Pre-packed columns are recommended for optimum resolution. In bio- 
compatible systems the elimination of stainless steel has been achieved through the use 
of borosilicate glass columns and, usually, teflon tubing, i 

Guard columns are recommended for high performance separations. These remove 
strongly adsorbed molecules so that fouling of the column head is prevented through 
use of these renewable inline pre-columns. 

43.4 Detectors v ■ \ 

The principle of detection usee! in high performance separation differs little from that 
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Table lO. List of some commonly used HPLC/MPLC UV detectors. 



Manufacturer 



Name 



Description 



Beckman 



Cecil 



Gil son 



LKB 

Perkin Elmer 
Pharmacia 

Philips 



160 
163 
164 

CE 1200 



11 IB 
116 

HM/Holochrome 

* « 

2151 

LC-90 

UVI 
UVM 

PU 4100 



Fixed wavelength £I4-?S46 nm 
Variable wavelength 195-350 nm 
Vanable wavelength 190-700 nm 

Variable wavelength 

190-400 or 380-600 nm depending on lamp used 

Fixed wavelength 254 or 280 nm V 
Variable wavelength 190-380 nm V; 
Spectrum analysis . 
Variable wavelength 190-600 nm 

Variable wavelength 190-600 nm 

Variable wavelength 195 -390 nm 

Fixed wavelength for FPLC 
Fixed wavelength for FPLC : 

Variable wavelength . 

190 -700 nm. Scanning accessory. 



used in low pressure chromatography. The rapid separation time means, however, that 
the speed of response of high performance detectors should be faster. UV detectors 
are most commonly used in protein separations and although a fixed wavelength (e.g. 
280 nm) is usually needed, many detectors are fitted with a variable wavelength 
adjustment. Most HPLC detectors (Table 10) are high cost and consequently fitted with 
a deuterium lamp in preference to the mercury lamps commonly used in low pressure 
detectors. Some detectors allow the analysis of two wavelengths concurrently or have 
a spectrum analysis facility allowing the spectral analysis of any chromatogram peak 
(e.g. the Philips PU4100). Hence many detectors are suitable in a wide range of HPLC 
applications and have expensive facilities not necessarily required for routine, protein 
purification. The choice will therefore depend on the dedication of the system in use. 

* .* 

■' * ■ ._■ 

4.4 Basic procedures in HPLC/MPLC 

The basic procedure for HPLC separations is given in Method Table J. The following 
points should, in particular, be noted for the optimal use of both HPLC andj FPLC 
in protein purification. 

(i) In order to prevent gas bubbles forming and occluding the tubes the mobile phase 
should be de-gassed and filtered using 0.45 /im filters (e.g. Millipore, Whatman) 
and a vacuum filter apparatus. 

(ii) In order to prevent back pressure increase due to particulate fouling,- the sample 
should be freed of precipitate and suspended solids using centrifugation or 
filtration. It should not form a precipitate when added to the mobile phase. 

■ .(Hi). A low volume pre-column should be used to remove partipulates and strongly 
adsorbing components from the sample, thereby prolonging column life. The 
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1. 
2. 
3. 



5. 
6. 
7. 
8. 



Degas and filter the mobile phase into a suitable bottle using a 0 45-um filter 
and vacuum pump - ' . r 

Put the pump inJet Une into the mobile phase reservoir and draw the liquid along 
the tubing line using a syringe. • * 

Ensure no air is trapped in the pumpheads or pre-column tubing by disconnecting 

^ 5 ^ n ' nICt . fc and P um P ^ a few minutes. This is termed 

rnming . Stop the pump. 

Connect up the column inlet and start the pump. A flow rate of 1 ml min" 1 is 
common on an analytical scale. Run the pump for several minutes until the column 
is equilibrated. This is usually evident in a stable detector output 
Inject the^mple Sample volumes of up to 200 ^1 are usual on an analytical 
scale for HPLC but may be 2-5 ml using a 1 ml FPLC column 

Separation is commonly achieved using isocratic or gradient elution, typical 
separations last up to 1 h. ' yp ^ 

SS™ 1 !! the ^Sree of resolution further if necessary by adjusting the mobile 
phase composition or the gradient shape. 

Prior to injecting another sample re-equilibrate the column to the initial running 
conditions. ® 



(iv) 



(v) 



pre-column or, if refillable, its packing, should be replaced as required by the 

S^^'-'^u^^'J^'-"^'- 1 * 0 ^ pre - fi,ter '^placement. 
Deterioration i of jxak shape and resolution and increased pressure mean the pre- 
column should be replaced. . 
Solvents used in purification should be high quality (HPLC Grade),Manufacturers 

Z .l^? tetS Z Fl? f ns - T"^ should not interfere with protein detection and 
the use of Jow-UY grade solvents is often practised when detecting at the lower 
wavelengths. Many are toxic (e.g. acetonitrile and tetrahydrofuran) and care 
should be exercised in their handling and subsequent disposal 
Caution should be exercised in the use of halide containing mobile phases in 
direct contact with metal equipment components. The resulting corrosion and 
abrasive effect of salt crystals may limit equipment life, The equipment should 

be thoroughly washed out with a non-halide-containing mobile phase after their 

-use... ' 

Silica based packings should not be used routinely above pH 8. . The use of 

also be avoided and in the choice of column 
packings, end^pped' silicas are preferred. End-capping minimizes the presence 
of unreacted silanol groups which may cause unwanted interference effects during 
a separation. . 

5. SEPARATION ON THE BASIS OF CHARGE 

Ion-exchange^is the most commonly practised chromatographic method of protein 
punfication. This stems, ,n part,, from its ease of use and scale-up, wide applicability 
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Direction of flow; 



1) Initial conditions 
C= counterioh 




4). Regeneration 



2). Adsorption 
P» protein 



3). Elution 

N= displacing ion 

Figure 18. Diagramatic representation of the stages in the purification of a protein (P) using anion exchange. 
Dcsorption and regeneration may be accomplished in one step using the same counter-ion. 

and low cost in comparison with other separation methods. Ion-exchange of proteins 
involves their adsorption to the charged groups of a solid support followed by their 
elution with fractionation and/or concentration in an- aqueous buffer of higher ionic 
strength. The basic steps are illustrated in Figure J 8. A brief introduction to ion-exchange 
theory will be presented in the next section followed by guidance on the Use 6f this 
technique. For those seeking a more in-depth treatment of ion-exchange theory, the 
works of Vermeulen and co-workers (22), Scopes (8) and Osterman (3) are 
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Figure 19. The dissociation of counter-ions occurs on adsorption of a protein (P). In this case multi-point 
binding has occurred, the adsorption is strong and a high counter-ion concentration may be required to promote 
elution. ■ 

recommended. Janson and Low (23), Sea wen (10) and Chase (11) cover aspects of 
the large-scale use of ion-exchangers. 

5.1 Theory of ion-exchange. 

Proteins carry both positive and negative charged groups on their surface, due largely 
to the side chains of acidic arid basic amino acids. Positive charges are contributed 
by histidine, lysine, arginine and, to a lesser extent, N-terminal amines. Negative groups 
are due to aspartic and glutamic acids, G-terminal carboxyl groups and, to a lesser 
extent, cysteine residues. The net charge on a protein depends on the relative numbers 

• of positive and negative charged groups; this varies with pH. The pH where a protein 
has an equal number of positive and negative charged groups is termed its isoelectric 
point (pi). Most proteins have a pi between pH 5 and 9. Above their pi proteins have 
a net negative charge while below it their overall charge is positive. 

Ion-exchange is the separation of proteins on the basis of their charge and can be 
used to resolve proteins which differ only marginally in their charged groups. Separation 
of proteins is achieved by theft difference in equilibrium distribution between a buffered 
mobile phase and a stationary phase consisting of a matrix to which charged inorganic 
groups are attached. For the effective use of ion-exchange in protein purification the 
stationary phase must therefore be capable of binding either positively-charged or 
negatively-charged proteins. To this end ion-exchange matrices are derivatized with 
positively^charged groups for the adsorption of anionic proteins (termed anion 
exchangers) or negatively-charged groups for the adsorption of cationic proteins (cation 

.exchangers).- /*':■;"■: ■ -v.- /'*';]>. 

: Associated with both stationary phase and protein charged groups are counter-ions 
which are simple, low molecular weight ions. In order for the protein to bind to the 
stationary phase, therefore, the counter-iohs of both groups must become electroiytically 

.'dissociated (Figure 19). ' %;^/-'.;- : . 

Counter-ions 'screen* the exchanger groups;- preventing their binding with a protein. 
Na* and H + are the common counter-ions for cation exchangers while Cl~ and QH*~ 
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are usually used with cation exchangers. Counter-ions can be arranged in an •activity' 
series (Figure 20) according to their strength of interaction: with their respective ionogenic 
groups at equal concentration. Consequently chloride would replace hydroxide ions 
at equal strength as the counter-ion for an anion exchanger. Counter-ions do not 
permanently bind to an ionogenic group but stay in a state of equilibrium, continually 
shifting between the bulk solution and the exchanger groups. It follows that the ionogenic 
groups can become uncovered to allow the binding of a prptein. The higher the counter^ 
ion concentration, the less frequently do the ionogenic groups become uncovered. Prior 
to the use of an ion exchanger the counter-ion may require replacement with a different 
ion more suitable to the particular application, Matrix pre-treatment and conditioning 
is discussed in more detail in Section 5.3. 

5.2 Selection of conditions for ion-exchange purifications 

A wide variety of matrices, functional groups, and adsorption/desorption conditions 
are available. The factors involved in making each choice are described below so as 
to guide the practitioner in their selection. 



Cations: Ag + > Cs + > Rb + > K+ 5t NH4 > Na+ > H+ > 
Anions: r> NOf> P07> CN"> HSOf> C\~> HCOf> HCOO~> CH 3 COO~> OH"> F" 

. * ' - . * ". * * , " , • "* ■ * 

Figure 20. The activity series of anionic and cationic counter-ions. The counter-ions at the beginning of 
each series have a stronger attraction for the ionogenic groups of the ion exchangers. 
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Figure 21. Variation in flow rate with pressure drop across a bed of DEAE— Sephadex. Bed dimensions » 
2.5 x 45 cm, pH .= 7, ionic strength o 0.1 M. Reproduced with kind permission .of Pharrnacia-LKB. 
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Flsurc 22. Typical titration curves for strong and weak anion and cation exchangers. The strong ion «chuff» 
SaE ahd SP groups) are fully ionized over the entire pH range used to purify proteins Q - 11) while the 
w^ ionex^^rt^BAE and CM) are ionized over a narrow pH range. Reproduced with land permission 
from Pharmacia -LKB. 
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5.2.1 Choice of matrix v ; 

Section 3 should be consulted for guidance on the choice of support matrices. The 
characteristics of some of the more commonly used ion-exchange matrices (24,25) are 
summarized in Table 1 7. Related matrices can exhibit marked differences (see Figure 
27); and manufacturers' literature should always be consulted. 

5.2.2 Selectidn of functional groups . 
lonogenic groups used in ion exchange are, as mentioned earlier, either positively- 
charged (anion exchangers), or negatively-charged (cation exchangers). Both types can 
be further divided into strong and weak groups. Strong ionogenic groups remain ionized 
over the whole operating pH normally used in protein purification while weak groups 
have a narrower effective pH range and are largely only partly ibnized: Typical titration, 
curves for both strong and weak ion exchangers arc shown in Figure 22. The ionogenic 

• groups used in the ion exchange of proteins are listed in Table 72, together with their 

structural formulae. -v ' "'• • : : 

,The most commonly used functionalities are the weak ionogenic groups. J ne 
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Table 12* lon-exchange groups used in t 

Formula 

Strong anion 

-CH 2 N + (CH3)3 

~C 2 H4N + (C 2 H 3 ) 3 

- C2H 4 N + (C 2 H j) 2 CH 2 CH (OH)CH 3 

Weak anion 

-C2H 4 N + H 3 

-C2H 4 NH(C 2 H 5 ) 2 

* 

* 

Strong cation 

-so 3 - 

-CHjSOj- 
-C 3 H 6 S0 3 - 

Weak cation 

-COO- 

-CH 2 COO- 
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Table 12. Ion-exchange groups used in the purification of proteins. 



formula 



Name 



Abbreviation 



Strong anion . 

-CH 2 N+(CH 3 ) 3 
-C 2 H 4 N + (C 2 H 3 )3 



Triethylaminoethyl 
Triethylaminoethyl 
Diethyl-2-hydroxypropylaminoethyl 



TAM- 

TEAE— 

QAE- 







m 


■J ^ Weak anion 






) f- -C 2 H 4 N + H 3 


Aminoethyl * 


• ■ AE— . . 


1 <?\ -C 2 H 4 NH(C2H5)2 

\ * p 


Diethylaminoethyl 


DEAE- 


Strong cation 


•. ■ * ' 




-S0 3 - • 


Sulpho 




-CH 2 S0 3 - 


Sulphomethyl 


SM- 


» -C,H 6 S0 3 - 


Sulphopropyl 


' SP- ■■" 


j • Weak cation 






-COO- 


Carboxy 


C- - 


-CH 2 COO- 


Carboxymethyl 


CM- 



diethylaminoethyl (DEAE) group is usually used in anion exchange to purify negatively- 
charged proteins while the carboxymethyl (CM) group is frequently used in cation 
exchange for the recovery of positively-charged groups. Strong ion exchangers are 
becoming more popular in protein purification, notably the Sepharose Fast Flow 
packings, based on sulphomethyl and triethyiaminoethyl functionalities for strong cation 
and anion exchange, respectively. 

In selecting the most suitable functional group for a purification the pH stability of 
the desired protein should be considered. Proteins are amphoteric; they may carry a 
net positive or negative charge depending oh whether the buffer pH is below or above 
the isoelectric point, respectively. The choice must therefore be made between using 
an anion or cation exchanger. In practice the decision is sometimes restricted by the 
pH stability of the protein. If a protein is more stable above its pi then an anion exchanger 
should be chosen. Conversely if the protein is more stable below its pi then a cation 
exchanger should be chosen. In protein purification anion exchange functionalities (e.g. 
DEAE) are most frequently used since proteins of pi below 7 are more common. 

The purification of a-amylase can be used as an example of exchanger selection. 
The pi of the enzyme is 5.2 so that weak ion exchangers can be used. However, the 
stability of the enzyme falls off rapidly below pH 5 (Figure 23). The effective use of 
cation exchangers below pH 5 is therefore prevented, restricting the choice to matrices 
bearing an anion exchange functionality. The pi of a protein can be determined using 
isoelectric focusing or by reference to lists of protein pi's to be found in the literature 
(26—28). According to Osterman (3), the average distance between ionogenic groups 
on an ion-exchange matrix can be as little as 1 —3 nm. In highly porous matrices many 
ionogenic groups will of course have a much wider separation. It follows that globular 
proteins of molecular weight 60—100 kd, which have a diameter of 7 — 10 nm, have 
the opportunity to bind to several ionogenic groups at once, provided they are charged 
and become uncovered by counter-ions. With certain micropbrous resins the density 

■".."v : ■ : " • ' • 207 
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Figure 23. Simplified representation of pH subUir, (--) and net charge (-) Pf o-amylasc, The isoelectric 
point of 5.2 prevents the effective use of cation exchangers. 

of surface ionbgenic groups is sufficiently high that multi-point protein^sorpdon -wi. 

w^wSSex^ oHhe ion exchange step is concentration 

to If be acSptablf since a single, high concentration of salt ,s usu allyjjed or 
dution in a minimal volume and optimum resolution ,s not required • WeakK>« 
S»rKn«r» however are normally chosen for the ion exchange of proteins between a 
S « T £ ^r^ey are Commended for the purification of labile proteins where 
Sd Iting conSs aS needed. Since weakcation exchangers lose 
S 6 and weak anion exchangers above P H 9 {Figure 22), strong ion exchangers may 
££?£?S£2S of pi outside these PH values or for weakly^harged protems wh jh 
SSS an extreme pH to promote adsorption. Both strongand weak ion exchangers 
^wherefore be used for protein adsorption. In the use of the former the increased 

eluting conditions may be needed. • / 

5 2 3 Buffers used in ion exchange ; - V 

The mobUe phase used 
• tfwSer ConSte to the dissociation of the ionogehic groups ^d rnatnx sweUing (3), 

both effects increase the rate of ion exchange. : 3 : ; \ 
20S\. ■>■■::'■ ; /': ' y :;V.v'' wV: ■. V:> ; . 



Table 13. Buffers commonly use<J in the io: 



Ion exchanger 



Buffer 



Cation 



Anion 



Acetic 
Citric 
Mcs . 
Phosphate 
Hepes 

L-Histidine 
Imidazole . 
Triethanola. 
Tris 

Diethanoian 



•See also Chapter I , ; 
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Table 13. Buffers commonly used in the ion exchange of proteins*. 



Jon exchanger 



Buffer 



pK 



Buffering range 



Cation 



Anion 



Acetic . 

■ • - 

Citric \ 
Mes v.. 
Phosphate 
Hepes 

L-Histidine 
Imidazole 
Triethanolamine 
Tris ' 

Diethanolaniine 



4.76 
4.76 
6.15 
7.20 
7.55 

6.15 

7.0 

7.77 

8.16 

8.8 



4.8-5.2 

4.2- 5.2 

5.5- 6.7 
6.7-7.6 

7.6- 8.2 

5.5- 6.0 

6.6- 7.1 

7.3- 7.7 
7.5^8.0 

8.4- 8.8 



•See also Chapter 1. 

In an aqueous solution the surface charge groups of a protein are associated with 
counter-ions in a similar way to the ionogenic groups on the exchanger. Following the 
exchange of protein with the exchanger-bound counter-ions an increase in solution ionic- 
strength may occur due to the release of both protein and exchanger counter-ions. The 
solution pH may also change (to a lower pH in anion-exchange and to a higher pH 
in cation-exchange) causing protein denaturation. Consequently the mobile phase in 
ion exchange is always buffered to minimize pH fluctuations, which will also influence 
the charge on a protein and its equilibrium between stationary and mobile phases. The 
minimum buffering strength recommended for ion exchange is 10 mM within 0.3 pH 
units of its pK value (8). The choice of buffer strength is.always a compromise between 
minimizing pH fluctuation and maximizing adsorbent capacity. 

Commonly used buffers in the ion exchange of proteins are shown in Table 13. The 
most suitable buffer for a purification will depend on the choice of ion exchanger and 
the adsorption pH (see also Chapter 1). 

Another reason for the use of buffers in ion exchange is to minimize the localized 
pH differences which can result from the Donnan effect. Since the counter-ions for 
ion exchangers are frequently H + and OH~, the use of unbuffered solutions would 
cause localization of OH" ions at the surface of anion exchangers and H + ions at the 
surface of cation exchangers, causing the Donnan effect which is a localized pH effect 
(Figure 24), This may result in an unpredictable ion-exchange process and even worse, 
protein denaturation. Consequently solutions are always buffered. 
Lastly, two important rules should be remembered. 

(i) "". The charged form of the buffer should not interfere with the ion-exchange process 

(i.e. use negatively-charged buffers such as acetate in cation exchange). 

(ii) The temperature will affect the pAT a of the buffer such that its buffering capacity 
will be different in purifications' carried out in the cold room. 

5.2.4 Selection of adsorption and elution pH 

The degree of ionic interaction between a protein and an ion exchanger can be controlled 
by adjusting the buffer pH to regulate the degree of ionization of both matrix and protein 
ionogenic groups. The pH of the buffer can therefore be adjusted in order to favour 
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Figure 24. Donnan effect in anion- and cation-exchange which may cause localized pH differences in poorly 
buffered systems. •* 

adsorption of protein to the ion exchanger or encourage protein -matrix dissociation 
and sample elution. 

For protein adsorption a pH about 1 unit above or below the pi of the target protein 
i$ used. A larger difference in pH would lead to a greater net charge on the protein, 
multi-point adsorption and a requirement for stronger elution conditions. Normally a 
pH is chosen to be just sufficient to promote adsorption . This can be simply determined 
as shown in M ethod Table 4 . If pH change is to be used as a means of protein elution, 
the same test outlined above can also be used to determine the most suitable elution 
pH (i.e. that at which protein adsorption is just prevented). A protein usually begins 
to dissociate from an exchanger at 0,5 of a pH unit from its pi at an ionic strength 
at 0.1 M NaCl (9). These simple tests give some idea of the starting and elution pH. 
In the resolution of mulu^prhponent mixtures some degree of trial and error is necessary 
since the titration curve (i.e. the net charge as a function of pH) of all the proteins 
present is not known. One important point should however be kept in mind. Although 
a protein has a net negative charge above its pi and a net positive charge below, the 
localization of charge clusters on a protein surface may occasionally allow its adsorption 
to an ion exchanger at a pH on the 'wrong' side of its pi (8) . A protein with a localized 
area of positive charges but an overall negative charge could, therefore, by correct 
orientation oh the ion-exchange surface, bind to a cation exchanger, and vice versa> 
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Method Table 4. Rapid method for the determination of the correct initial pH for ion 
exchange.. 



2. 



3. 

4. 

5;. 

6. 



Add 0 5 ml wet volume of ion exchanger to each of 10 test tubes. 
Equilibrate the matrix by washing 10 times in 0.5 M buffer, with each tube set 
up at a different pH. Use pH 4-8 for cation exchangers and 5-9 for anion 
exchangers: Use a pH interval of 0.5 units between each tube. 
Wash the matrix in a low ionic strength buffer (-20 mM) five times, in each 
tube at the pre-selected pH used in (2). - ■ . "' , n 

Add a known amount of the sample protein to each tube, and mix for 10 ram . 
Allow to settle and assay the supernatant for the protein using A 2t0 if sufficiently 
pure or a specific assay if the sample contains other proteins. 
The starting pH is that which just allows the protein to adsorb. The eluting pH 
is that which just prevents adsorption. 

incubation time of 10 min is based on the use of hydrogel matrices. Other less 
porous supports may require longer. 

5.2.5 Selection of adsorption and elution ionic strength 

The ionic strength of the buffer used in ion exchange is used to control the degree of 
blocking of the ionogenic groups on both protein and stationary phase. The ionic strength 
is therefore critical in controlling the equilibrium distribution of a protein between the 
stationary and mobile phase. On the adsorption step the highest ionic strength which 
will allow protein binding is used while on elution the lowest ionic strength is 
recommended. The reasons for this are threefold. 

(i) If the ionic strength is too low on adsorption the protein will bind too tighdy 
and effective elution will be made difficult. «. 

fin- Keeping the ionic strength as high as possible on adsorpuon minimizes the binding 
ofunwanted contaminants. Conversely keeping the ionic strength as low as possi- 
ble on elution minimizes elution of bound contaminants. 

(iii) The strategy outlined above simplifies the elution step. 

The optimum ionic strength for adsorption and elution steps can be easily determined 
in a similar fashion to the measurement of optimum pH oudined above. A rypicaTmethod 
is shown in Method Table 5. A salt concentration of 20 - 50 mM NaCl is usually used 
during adsorption and up to 0.5 M NaCl during elution. 

5 .3 Procedures in ion-exchange separations 

Having established the optimum adsorption and elution conditions for the purification 
of a protein, certain other factors must be considered before starting a purification. 
These are the need for matrix pre-treatment, the adsorption mode and the elution mode. 

5 .3.1 Matrix pre-treatment 

Preparation of the ion exchanger for use may involve removal of fines, swelling, washing 
and conversion to the correct counter-ion. 
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Method Table 5. Rapid method for the determination of optimum ionic strength for . 
adsorption and elution. 

1 . Add 0.5 ml of ion exchanger to each of 10 tubes and equilibrate using ten 10 ml 
washes of 0.5 M buffer. '" \ . ' ■ . , 

2. Equilibrate each tube to a different ionic strength using 10-450 mM NaCl in 
10 ml of buffer at a constant pH. Use five washes per tube. : 

3. Add the sample to each tube and mix for 10 min B . 

4. Assay the supernatant for the protein of interest. 

5 The optimum ionic strength for adsorption is that which just allows binding. The 
optimum ionic strength for elution is that which just pr events adsorption. 

•An incubation time of 10 min is based on the use of hydrogel matrices. Other matrices 
which are less porous may require a longer time to allow for adsorption. 

(i) Fines removal. Removal of fines has been described in Section 4.2.3. Many ion 
exchangers (e.g. agaroses, Sephacel, Trisacryl) are supplied relatively free of fines. 

(ii) Swelling. Matrix swelling is necessary for supports supplied in a dry form 
(Sephadexes, resins, celluloses). The dry material is suspended in 10-15 bed volumes 
of water and left to swell for a period recommended by the manufacturer. Sephadexes 
require a prolonged swelling time of 2 days but this may be reduced to 2 h by incubaung 
the slurry in a boiling water bath. Dry celluloses also require pre-cychng to disrupt 
hydrogen bonds and improve porosity, 0.5 M HC1 and 0.5 M NaOH for anion 
exchangers and the reverse for cation exchangers, with each wash lasting 30 nun. Precise 
details should be obtained from the manufacturers. 

(iii) Washing, Certain matrices (e.g. resins) may also require washing to remove 
contaminants. Resins should be washed in a solvent such as methanol or acetone for 
1 h to remove trapped air. They are then treated in 2 M alkali and washed in water. 
Cation exchangers are given an additional 2 M acid treatment and then washed again. 

(iv) Cdunter ion conversion. Ion exchangers as supplied by the manufacturer usually 
have a specified counter-ion associated with the ionogenic groups on the matrix. This 
is usually a CI" or OH^ counter-ion for anion exchangers and H or Na for cation 
exchangers. As mentioned earlier, counter-ions differ in their strength of attraction to 
ionogenic groups; if the eluent to be used contains a different counter-ion, the exchanger 
should be pre-treated to convert it to this form. Conditions for counter-ion conversion 
are shown in Table 14. Note that for conversion to a weaker counter-ion much larger 
■volumes are. required;, 

* ■ • • • ■ ■ . . . ■ ■ • - • ■ ••■.*- 

' 5.3.2 Adsorption method [ ):;.;; •• 

Having determined the capacity and selected the optimum pH and ionic strength for 
both adsorption 

in a- battel. -or column. mode; : irV/iV^-VlJ.^^V'--"--''"^-- 
(i) Batch adsorption. Batch protein fractioriitiori is carried out in free solution and; 
i although inferior to column separations in efficiency; it is ideally suited to the initial 
treatment of large volumes of sample. Furthermore it does not suffer from the problems 
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Table 14* Conditions required for counter-ion conversion 




Original 
counter-ion 

Nat 

cr 



Required 
counter^idn 

Na + 

a- 

H + 
OH" 



2 vols 0.1.-1 M NaOH 
or 2 vols 3 M NaCI 
2 vols 0.1-1 M HC1 
or 2 vols 3 M NaCI 
30 vols 0.1 - I M HC1 
or 30 vols 3 M NaCI 
30 vols 0.1-1 mM NaOH 
or 30 vols 3jM NaCI 



of bed swelling and shrinkage which are sometimes encountered in column separations, 
particularly those using dextran-based matrices. Elution following batch adsorption may 
be carried out in batch mode or the ion exchanger slurry may be packed into a column 
and then eluted. The entire capacity of the. ion exchanger should be used during the 
adsorption step. 

(ii) Column adsorption. As with batch adsorption packed bed ion exchangers can be 
used to purify a protein by adsorption of contaminants. This allows the desired protein 
to pass through the column without binding. While this is an acceptable means of 
purification, no concentration of the protein results. Usually, however, the required 
protein is adsorbed onto the support in preference to contaminants and then eluted with 
concentration and/or fractionation. 

■ * ■ - *•• . • ■ ' " ■ ■ ' ' - • 

5.3.3 Elution method 

It is important to distinguish between two alternative modes of ion-exchange protein 
purification. 

(i) Static ion exchange. Here the protein is initially fully adsorbed to the bed and then 
completely eluted by displacement into the mobile phase using a small volume of a 
strong eluent. This method is useful for the concentration of protein from a large volume 
.of sample.' 

(ii) Dynamic ion exchange. Here the separation of proteins is achieved by their relative 
speeds of migration through the column. In contrast to the static method, therefore, 
all the sample components migrate, but separate depending on their relative equilibrium 
distributions between stationary and mobile phases . Three choices of elution conditions 

exist..- . ' 

(1) Isocratic elution. Here the sample volume should be between 1% and 5% of 
the bed volume. This is because the sample is only loosely bound and not 
concentrated during the adsorption step. A long column is used (up to 100 cm) 
with a diameter to length ratio of around 1:20. The starting buffer is used 
throughout the separation which may give good resolution of similar proteins 
but results in large elution volumes. 

(2) Step-wise elution. This is achieved using a sequential, discontinuous change in 
pH and/or salt concentration (Figure 25). The column volume used is determined 

• by the exchanger capacity and the sample volume. The sample should initially 
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figure 25. Continuous (A) and stepwise gradient elution of bovine serum on QAE-Senharose A-50. In stepwise 
clutipn (B) two albumin peaks were found. This can often occur in stepwise elution when the buffer change 
is introduced too early. Bed dimensions, 1.5 x 26 cm; sample, 4 ml of 3% serum; eluent, 0:1 M Tris-HCl 
pH 6.5, 0.1-0.5 M NaCl; flow rate, 0.2 ml-mln" 1 . Reproduced with permission from Pharmacia- LKB. 

■ v . . " , ' ' 1 * - . • ■ * • ■ " . 

. . * * • ; ^ ' .■"*.*■* ' * ' ■ • . 

adsorb to 5-10% of the total bed capacity. The column length is usually shorter 
(20-40 cm). 

(3) Gradient elution . Here the composition of the eluent (pH and/or ionic strength) 
is changed continuously. As in stepwise elution sample protein content should 
be 5-10% of the bed capacity. The column length is usually 20-40 cm with 
a diameter to length ratio of not more than 1:5. The volume of buffer required 
for elution should be determined empirically . If the gradient is too steep resolution 
will be lost, while too shallow a gradient will result in unnecessary dilution and 
long separation times. The total volume of eluent should be about five times the 
;. /• . 'bed volume (9). ; . r : - ' "-'-T'-; ' f ' : : .. : y- 

An increasing pH gradient may be used for cation exchangers while a decreasing 
pH gradient is used for anion exchangers. Continuous pH gradients are rarely used 
because they have poor reproducibility (9). This is due to the titration of both protein 
and ion exchanger ionpgenic groups as the pH is altered, A changing is 
also difficult to produce at constant ionic strength. Cons^uen^ 
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change usually uses a stepwise method. Elution by a change in pH may also be combing 
with an increase in ionic strength. 

Stepwise elutidn uses simpler apparatus and is usually used on a large scale. The 
resolution of eluted peaks may be poorer than in gradient elution since stepwise increases 
in elution conditions may cause thie co^lution of several proteins. Furthermore, as seen 
in Figure 25 9 if a stepwise change in elution conditions is introduced too early false 
peaks may be produced. : > 

5.3.4 Regeneration and storage 

Regeneration of ion exchangers involves the removal of tightly bound contaminants 
and the conversion of the support to the required counter-ion form ready for equilibration 
and protein adsorption. Regeneration can be carried out in the column but for matrices 
such as Sephadex, where bed volume is dependent on ionic strength, the ion exchanger 
should be removed from the column and regenerated in free solution. 

Removal of tightly bound protein is first achieved using 2 M NaCl and is then followed 
in some cases with an alkaline wash. The manufacturers' literature should be consulted 
for instructions on the precise regeneration conditions. 

Ion exchangers stored in a wet state are susceptible to microbial degradation. This 
is particularly true for polysaccharide-based matrices. Recommended antimicrobial 
agents (9) for anion exchangers include 0.002% chlorohexidine (Hibitane), 0.001% 
phenyl mercurip salts in a mildly alkaline solution and 0.05 % trichlorobutandl in a 'weakly 
acidic solution. The latter can also be used with cation exchangers, in addition to 0.005% 
merthiolate (ethyl mercuric thiosalicylate) in a mildly acidic solution. In applications 
where these preservatives cannot be used a high concentration of organic solvents (70% 
ethanol) is recommended. 

5.4 High performance ion-exchange chromatography 

A wide range of HPLC matrices are now available; some have been listed in Table 
1 L Ion-exchange HPLC of proteins is usually based on wide pore silica or resin matrices. 
For the purification of medium molecular weight proteins (30— 100 kd) pore sizes should 
be at least 30 nm while for larger proteins ( > 100 kd) pore sizes should be 500 nm 
or even 1000 nm in diameter. 

The principles of low pressure ion-exchange can be applied to high performance 
separations. Analytical scale columns (typically 4.6 mm X 7 — 10 cm) usually separate 
mg quantities of protein at a time using 200 /d injection volumes, flow rates of 
0.3-1.0 ml min~- and a pressure of 1000 p.s.i. Typical separation times are less than 
1 h. The high cost of HPLC media usually restricts its use to small volumes of sample. 

More recently developed medium pressure packings include Accell (Waters) and 
Monobeads (Pharmacia). Accell packing is a 37—55 /tm silica-based material with large 
pores. It is used at flow rates-of up to 200 ml cm"* 2 h~* to provide protein separations 
in 30 min to 2 h either in pre-packed or laboratory-packed glass columns. Accell is 
available with anion (quaternary methylamihe) and cation (carboxy methyl) 
functionalities; the typical capacity is 30-40 mg ml"" 1 (BSA). The monbbead packings 
(Mono Q and Mono S) are based on a hydrophilic polymer resin of size 10 ± 0.5. /-tm. 
The matrix is highly porous (m w > 10 7 ), is typically used at flow rate of 150-200 ml 
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Bio-Gel TSK DEAE-5PW 
(CI- form) 
75 x 7. 5mm 

Commercial preparation of 
lipoxidasej mg In 0.1ml 

pH 9.0 

Solvent A: 0.02 M ethanolamine 
HCl 

Solvent B:0.5M NaCl in 0.02 M 

ethanolamine-HCl 
0°/o to 1007p B over 60 m i n. 




pH9 



(a) ion Exchange 
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Figure 27 r Cbromatofociisitig differs from ion 
properties so that a pH gradient is produced 



Figure 26. Purification of commercial Upoxidase using ion exchange HPLC. Reproduced with permission 
from Bio-Rad. 



cr n~ 2 h"" 1 and can withstand back pressures of up to 750 p.s.i; Separation times are 
usually between 20 min and 1 h. The capacity of the ion exchangers is quoted as 25 nig 
ml" 1 . " .•• .• . : . .... .". 

For larger scale and lower cost purifications Pharmacia recommend using Scpharqse 
Fast Flow whichcan only be used at back pressures of up to 25 p.s.i.; the separation- 
times are therefore significantly longer but still an improvement on conventional low 
pressure packings. 

5.5. Separation using chroma tofocusing 

Chromatofocusing, first described and experimentally verified by Sluyterman and co- 
workers (29^30) can be considered as an extension of isoelectric focusing and ion- 
exchange chrornatography. In isoelectric focusing r proteins are separated by . 
electrophoresis in a pH gradient in a matrix produced by a current. In ion exchange, ; 
proteins are bound to the column at an initial pH and may then be eiuted by a changing 
pH gradient. This is produced by mixing / a 4 Umit t buffer (o? different pH) with the' 
initial buffer in a mixing chamber and then pumping this through the column ( Figure 
27). The change in mobile phase pH partitions the protein into the mobile phase where • 
it is el u ted from the column. In chromatofocusing the pH gradient is produced inside 
the column by mixing an anion exchange matrix, pre-adjusted to one pH, with a buffer 
at a second lower pH (Figure 27). The protein sample is applied to the column in: the ^ 
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(a) Ion Exchange 
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Figure 27. Chromatofocusing differs from ion exchange in that the anion exchange matrix has distinct buffering 
properties so that a pH gradient is produced on the column rather than outside the column. 
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Figure 28. A protein of pi 9 applied' to a column pre-cquilib rated to pH 10 will move rapidly down the 
column in the pH 8 elution buffer until it reaches its isoelectric pH where it will bind to the exchanger. 

elution buffer or the starting buffer. A protein of pi 9 in a pH 8 buffer pumped onto 
a column pre-equilibrated at pH 10 will therefore move with the buffer down the column 
and experience a rise in pH due to the buffering action of the column. When the protein 
reaches a pH just above its pi it will become negatively charged and bind to the positively- 
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Figure 29. The focusing effect of chroma tofocusing. Proteins migrate through the column slower than the 
flow rate of buffer. Proteins at a pH close to their pi migrate slower than proteins higher up the column 
at a lower pH, allowing them to catch the leading band up. Reproduced with kind permission from 
Pharmacia-LKB. . 

charged column matrix: (Figure 28). As eiuti'ori buffer flows through the column the 
bound protein will experience a lowering of the pH until it becomes positively charged 
again and moves with the buffer down the column to reach a second point where the 
pH is again just above its pi and adsorption occurs. This sequence of events is repeated 
many times until the protein is eluted from the column, at its isoelectric pH. The protein 
is never subjected to a pH more extreme than its pi value; the separation is therefore mild. 

A further important feature of chromatofocusing is the focusing effect which operates 
during the separation. A protein applied to the column will travel with the elution buffer 
to a point where it is negatively charged and then binds to the exchanger, until more 
elution buffer flows down the column, lowering the'pH still further. Any additional 
protein applied in a second aliquot to the column can therefore catch up with the initial 
bound protein (Figure 29). This serves as a peak sharpening effect in chromatofocusing, 
allowing resolution of complex mixtures of proteins^ providing they differ in their pi's. : 

Due to the focusing effect of chromatofocusing, proteins; can be applied to the column 
in large volumes without impairing the resolution. The maximum volume in which a 
protein can be dissolved in order to emerge as a single band is termed the distribution ♦ 
volume. This is governed by the pi of the protein and me equilibration pH. If a protein's 
pi is close to the initial column pH the protein will be carried rapidly down the column 
in the elution buffer to be eluted in the void column; the distribution volume is then 
near zero. Conversely if the pi is close to the elution buffer pH then the protein 
distribution volume will be very large. 
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Table 15. Chromatofocusing media and buffers: 



pH range 


Exchanger 


Elution buffer . 


11.-8 ■ 

9-6 
12-2 ; 


■ V v • .. pbe us 

PBE94 • 

PBE94 . / •;. 

Mono rP* \ -y 


Ptiarmalyte 8-10.5 
Poly buffer 96 
Polybuffer 74 
Any of the above 


■Mono P is a 10-/tm matrix for use in the Pharmacia-LKB FPLC system. 


- . 


Table 16. Starting buffers for use in chromatofocusing. 


, »*•• 


Upper pH unit 


Buffer 


Required pH 


9 

8 

7 

6 ■■" 
5 


Ethanolamine-HCl 
Tris-HCI 
. Imidazole— HCI 
Histidine-HCl 
Piperazine-HCI 


9.4 
8.3 
7.4 
6.2 
5.5 

* 



5.5. 1 Experimental conditions and chromatofocusing 

The initial studies on the feasibility of chromatofocusing by Sluyterman and co-workers 

(30.31) used DEAE- Sepharose and acetate buffer. The conclusions from this work 
are important in the selection of both column media and suitable buffers. 

(i) The column matrix must allow rapid pH equilibration between ion exchange 
groups and the buffer. Polyethyleneimine attached to epoxide-activated Sepharose 
was subsequently chosen in preference to DEAE— Sepharose. 

(ii) The ionic strength of the buffer should be kept relatively constant during elution. 
The buffering capacity should be constant over the entire pH range so as to provide 
the near-linear pH gradient necessary for obtaining optimum resolution. This 
was best achieved using ampholyte buffers during elution although normal cationic 
buffers (e.g. triethylamine) are used for pre-equilibration. 

Although chromatofocusing using conventional ion exchange materials is possible 

(31.32) , the resolution of complex protein mixtures is best achieved using matrices 
designed to combine a high capacity with rapid equilibration and buffers providing linear, 
reproducible pH gradients. To this end Pharmacia-LKB market a range of matrices 
(Table 15) and ampholyte buffers (Table 16) for use in chromatofocusing (33), and 
a large number of protein separations have been achieved using these materials (34—41) 
using both low pressure and FPLC. 

The choice of exchanger arid operating buffers depends on the range of the pH gradient 
used in elution. This in turn is determined by the pi of the protein to be purified: the 
pi of the protein should be approximately midway between the pH extremes of the 
gradient (33). 

A procedure for the use of chromatofocusing is described in Method fable 6. In 
addition, the following points should be noted. 

(i) If the pi of the protein is not known a pH gradient from 7 to 4 is used initially. 
If the protein pi is above 7 it will not bind to the exchanger and a pH gradient 
from 9 to 6 should be used, . 
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Method Table 6. Procedure for the separation of proteins using chromatofocusing. 



1. 
2. 



3. 



4. 



5. 



Determine the protein pi and select the appropriate exchanger, starting and elution 
buffer from Tables 15 and 16. 

Mix the exchanger with half its bed volume of starting buffer, pre-adjusted to 
-0.3 pH units above the upper limit of the gradient. Degas and pour into the 
column. 10 ml of exchanger per 100 mg of protein is normally adequate. Use 
a long narrow column e.g. I x 40 cm. ■ ; 

Equilibrate the column with 10-15 bed volumes of starting buffer at a flow rate 
of 100 ml cm"* 2 h" 1 - * 

Dilute the elution buffer 1—10 with water; adjust to the lower pH limit of the 
gradient. Equilibrate the sample with starting or elution buffer. Its volume may 
be large but is usually not over half the column void volume. Its ionic strength 
should be <0.05 M. 

Apply the sample to the column at 40 ml cm -2 h~ ! arid then begin elution. A 
gradient volume of 10 colum n volumes is normally sufficient. 



(ii) The amount of exchanger required for a separation will depend on the purity 
of the sample, its volume and its protein content. For samples containing up to 
200 mg of protein per pH unit of the gradient, bed volumes of 20-30 ml are 
recommended. The volume of sample is not critical if loading onto the column 
is finished prior to elution of the protein of interest. 

(iii) The pH of the start buffer is usually adjusted to 0.4 of a pH unit above the required 
pH to compensate for fluctuations in pH on application of the elution buffer. 
This is due to a release of protons from the exchanger during the early stages , 

. -' .- of elution. "-■ ■;...-.-*' " "■: 

(iv) The stronger the elution buffer trie shorter the pH gradient and the lower the 
resolution. A pH gradient of over 3 units is hot recommended. For the highest 
resolution, a narrow pH gradient should be used. 

(v) ' Proteins should be monitored at the outlet using UV absorption at 280 nm, since 

elution buffers absorb at 240 nm and below. 
Chromatofocusing can .provide very good resolution of complex mixtures of proteins 
{Figure 30) provided they do not form a continuous distribution of isoelectric points, 
in- which case adjacent protein peaks will overlap with loss of resolution. The presence 
of non-protein charged material (i.e. nucleic and fatty acids) may also reduce the 
efficiency of separation. Proteins can be eluted within a pH window of 0.04-0.05 of 
a unit giving sharp well resolved peaks provided the gradient is not run too fast, in 
which case loss of resolution will occur (33). Chromatofocusing has also been used 
with samples containing 7 M urea, 1% (v/v) Triton X- 100, 1% (v/v) Tween 80, 5% 
(v/v) DMSQ and 50% (v/v) ethylene glycol, but additives causing an increase in ionic 
strength should be avoided. The feasibility of using chromatofocusing for protein 
purification depends on the acceptability of both the cost of the ampholyte buffers 
required for elution and their presence in the protein sample after purification . -< 
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Figure 30. Fractionation of elk muscle pi 
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Figure 30. Fractionation of elk muscle proteins by chromatofocusing. Column 10 mm X 40 cm. Sample 
5 ml of muscle extract. Start buffer 0.025 M ethanolamine— HC1, pH 9.4. Elution polybuffer 96, pH 6. 
Flow rate 20 cm 2 h" 1 . Reproduced with kind permission of Pharmacia -LKB. 



5.5.2 Exchanger regeneration and storage 

Exchangers can be regenerated without removal from the column using 1 M NaGl. 
Strongly bound proteins can be removed using 0.1 M HQ provided the exchanger is 
re-equilibrated to a more neutral pH as soon as possible. \ 

Exchangers should be stored in 24% ethanol, while elution buffers are supplied sterile 
(Pharmacia-LKB) but should be stored cold in the dark. 

■ ♦ ■ ■• ■' ■ ■ - . . ' ■'.*... • 
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6. PURIFICATION BASED ON HYDROPHOBICITY 

-- . - * _ * .. 

Reverse-phase chromatography (RPC) is the separation of solutes on the basis of their 
distribution between a polar mobile phase and an organic phase which is fixed to a 
matrix. Along with the contrasting technique of normal phase chromatography (using 
a polar stationary phase and organic mobile phase) these techniques were originally 
termed partition chromatography, since the two separation phases were essentially liquid, 
one being immobilized to a stationary support. The slow leakage of the immobilized 
liquid phase meant, however, that steps were subsequently taken chemically to modify 
the support, thereby fixing the surface film in place. RPC commonly uses aliphatic 
chains of up to 18 carbon atoms (C 1S ) chemically bonded to silica. The mobile phase 
is polar, consisting mosdy of water with the addition of polar solvents such as methanol, 
propanoic ethanol and acetonitrile to promote displacement of the solute from the non- 
ionic stationary phase into the mobile phase, The combination of a highly hydrophobic 
stationary phase and the solvents used to promote elution may cause protein denaturation. 
This is largely due to the disruption of protein tertiary structure caused by interaction 
with the high density of alkyl groups attached to the silica packing (3). In order to 
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minimize the risk of denaturation, less densely clustered alkyl groups of a milder 
hydrophobic nature (e.g. Cg) are required. Under these conditions, proteins can usually 
be eluted using a decreasing salt gradient. This has been termed hydrophobic interaction 
chromatography (HIQ. The hydrophbbicity of a support therefore determines whether 
it is used in reverse-phase or hydrophobic mode. 

The occurrence of non-ionic interactions in protein separation was originally reported 
as an interference effect resulting from the, aliphatic spacer arms used in affinity 
chromatography (42). Subsequent work on the coupling of alkyl and aryl-amines to 
agarose gels (43—46) using the cyanogen bromide technique (47) provided amphiphilic 
^/-substituted isoureas with both ionic and hydrophobic groups. The combination of 
both effects led to a complex mode of adsorption involving both non-ionic and 
electrostatic interactions (45,46). Electrically neutral adsorbents based on alkyl chains 
attached to agarose were consequently synthesized (48) allowing hydrophobic interaction 

without electrostatic interaction. 

* ».**■• *.-*■ •- ■ 

6 .1 Theory of hydrophobic interaction chromatography 

The simplistic model of protein tertiary structure envisages an essentially hydrpphilic 
outer shell surrounding a hydrophobic core. However, surface. hydrophqbicity does 
occur due to the presence at the surface of the side chains of non-polar amino acids 
such as alanine, methionine, tryptophan and phenylalanine (49). It is likely that surface 
hydrophobicity not only helps to stabilize protein conformation but forms the basis of 
specific interactions connected with the biological function of the protein. These may 
include antigen -antibody, hormone— receptor and enzyme— substrate type interactions 
and are therefore of significant biblogical importance (50). The surface hydrophobic 
amino acids are usually arranged in patches, interspersed with more hydrophDic domains. 
The number, size and distribution of these non-ionic regions is a characteristic of each 
protein and can therefore be used as a basis for their separation (51). 

A protein molecule in solution holds a film of water in an ordered structure at its 
surface which must be removed from non-ionic domains before hydrophobic interaction 
can occur as outlined in Figure 31 . Removal of bound water molecules from the protein 
surface into the less ordered bulk solution results in an increase in entropy (AS > 0). 
The over all, free energy change (AG) for the interaction of two non-ionic groups in 
the adsorption step is related to entropy and enthalpy as follows: 



AG == AH - TAS 



(0 



Since the enthalpy change (AH) in the interaction is small, the free energy change of 
the process is negative and therefore proceeds spontaneously (50—52) The likelihood 
of a non-ionic interaction is further increased if the excluded water molecules are trapped 
in the bulk solution by the hydration of salt ions. Consequently it is convenient to use 
HiC following ammonium sulphate precipitation since the ions which are most effective 
at salting proteins out of solution are generally those which create the most structuring 
in water. The hydrophobic interaction between protein surface non-ionic groups at high, 
salt concentration forms the basis of protein precipitation using ammonium sulphate 
(see Chapter 3) In HIC, however, the interacting non^ionic group (e.g. octyl/phenyl) 
is provided by a hydrophobic functionality attached to an inert matrix such as agarose. 
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Figure 31. Mode! of non-ionic exchange interaction, (a) Protein in solution with a shell of water around 
its hydrophobic region, (b) Exclusion of water into bulk solution upon approach of another non- ionic group 
excludes the bound water in a spontaneous process driven by the gain in entropy. 
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Figure 32. The influence of ions on hydrophobic interactions. (The Hofmeister series.) 

Nevertheless, the adsorption step often requires the presence of salting-out ions such 
as sodium chloride or ammonium sulphate. The influence of certain ions on protein 
structure was first reported by Hofmeister (53). Salting-out ions decrease the availability 
of water molecules in solution, increase the surface tension and enhance hydrophobic 
interaction. In contrast, salting-in or chaotropic ions such as sodium thiocyanate pre- 
vent non-ionic interaction by ordering the structure of water (15). Their use in elution 
from hydrophobic matrices is, however, usually avoided since. they may denature pro- 
teins. Chaotropic and salting-out ions are shown in figure 32. 

Temperature also influences the level of hydrophobic interaction. As equation (1) 
states, the free energy of the process becomes more negative with increasing temperature 
(up to - 60°C where the additional stability provided by electrostatic and Van der Waal's 
forces disappears). The reduced strength of HIC interaction at lower temperatures is 
not, however, usually significant enough to be used as a means of protein elution. 

Protein and adsorbent charge may also have an important effect on the degree of 
hydrophobic adsorption. A protein with no net charge (i.e. at its pi) will have maximum 
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Table 17, List of some commonly used hydrophobic adsorbents. 



Manufacturer/ 
Supplier 



Packing 



Comments 



Low/medium pressure packings 



Miles 
Pharmacia 



Serva 



Waters 



HPLC packings 
Alltcch 

Anachcm 
Beckman 



Bio-Rad 

Brownlce 
Perkin Elmer 
a Phase-Sep 

"Shandon 
•Vydac 
Waters 



Butyl, hexyl, octyl agarose 
Octyl, Phenyl Sepharose 
Phenyl Superose 
Alkyl Superose 



Daltosil Octyl 
Phenyl, Armnohexyl 
Aminopropyl ; 
Aminophcnyl 

Protein-Pak H1C 
Phenyl 5PW 



Synch ropack Propyl 

Anagel TSK/HIC 
Spherogel TSKTPhenyl 
Spherogel CAA-HIC 
•Ultrapore C3 

Bio-Gel Tslc jPhcnyl 
*HUPore RP 

Aquapore RP300 

TSK-Phenyl 

Spherisorb C,, C 3 
Octyl, Phenyl 

Hypersil—Buiyl, Octyl 

C 4 , diphenyl 

/tBondapak-Phenyl 



Capacity— 10 mg protein ml" 1 
Capacity— 20 mg mP 1 
Capacity— 10 mg ml" 1 
Particle size 10 /im 
For use in FPLC 

Silica based 
Pore size 50 nm 
Particle size 0, 1 -0.2 mm 



10 /mi particle size . 
Used in glass columns 



6.5 pm silica 



5 um particles 30 rim pores 

5 /uii silica 

10 nm particles, 100 nm pore 

Silica C4 

Butyl or Phenyl on 7 /im silica 



30 nm pores 5, 10 particles 



5, 10 pm silica 30 nm pores 



•Normally used in reverse-phase chromatography. 



hydrophobicity. At a pH where the protein and adsorbent have similar charges repulsion 
may occur, resulting in reduced adsorption. y v 

Other conditions which reduce adsorption include polarity lowering agents such lis 
water miscible solvents (e.g. ethanol and ethylene glycol) and detergents. Their use 
in elution is usually considered a last resort when other milder conditions such as reduced 
conductivity do not promote protein recovery. 
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6.2 Experimental conditions for low pressure HIC , * 

6.2.1 Adsorption ; , ■, 

The most commonly used non-ionic adsorbents are based on agarose using octyl or 
phenyl functionalities. Many others exist and some are listed, along with HPLC packings 
in Table 1 7. The stationary phase should be charge-free or subsequent elution using 
a decrease in ionic strength will encourage electrostatic interaction and prevent effective 
desorption. The choice of the hydrophobic ligand is of considerable importance in 
determining the ease of subsequent protein elution. 

Phenyl Sepharose, for example, is less hydrophobic than Octyl Sepharose (54). 
Extremely hydrophobic proteins (e.g. membrane proteins) may adsorb too strongly to 
Octyl Sepharose and require very strong eluting conditions. Phenyl Sepharose should 
therefore be used. In contrast, mildly hydrophobic proteins may not adsorb to Phenyl 
Sepharose and will therefore require use of more hydrophobic matrices. 

The solution ionic strength will also control the protein hydrophobic ty and therefore 
its degree of adsorption. Mildly hydrophobic proteins may not be adsorbed until the 
ionic strength is increased to just below that required for precipitation. The more 
hydrophobic proteins such as globulins will associate with other non-ionic groups even 
at low salt concentration (20 —40% w/v ammoniuni sulphate). Prior to HIC, the sample 
ionic strength should be adjusted with salt and buffered preferably .near the pi of the 
required protein to enhance non-ionic adsorption. Thej)acked column should be similarly 
equilibrated. The sample is then applied to the matrix and washed with the same buffer. 
The capacities of hydrophobic matrices are usually as high as for ion exchangers (i.e. 
10-100 mg ml" 1 of adsorbent) (8). 

'. ■ - ► • _ . ■ • _ 

6.2.2 Elution conditions 

• * , ■ - . ■ 

A variety of conditions can be used for elution from hydrophobic matrices, providing 
a potentially powerful method for the resolution of complex mixtures of proteins. These 
include the following. 

(i) Reducing the ionic strength using either isocratic or gradient elution. ' 

(ii) Increasing the pH: most proteins gain a net negative charge and become more 
hydrophilic under mildly alkaline conditions. 

(iii) Reducing the temperature . should theoretically promote elution as described 
earlier. Generally however, the temperature effect is too small for it to be used 
on its own as an effective means of elution. 

(iv) Displacement methods: addition of a component which has a stronger attraction 
for the ligand or makes the protein more hydrophilic.* 

(1) Aliphatic alcohols, (e.g. propanol, butanol and ethylene glycol). These 
reduce the polarity of the solution and disrupt hydrophobic interaction. 

(2) Aliphatic amines, (e.g. butylamine). These have the effect of reducing 
the solution polarity causing desorption. The amines may bind to the pro- 
tein or matrix hydrophobic groups. 

(3) Detergents. Non-ionic detergents (e.g. Tween 20, Triton X-100) probably 
_ displace bound proteins by binding to both protein and column packing. 

Ionic detergents (e.g. sodium dodecyl sulphate) are more easily removed from the 
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Method Table 7. Procedure for protein isolation by HIC using sequential elution with 
reduced ionic- strength and a displacer. 

1/ Suspend the matrix in half its bed volume of 0.8 M ammonium sulphate in 
0.025 M potassium phosphate buffer pH 7, degas and pour as a slurry into the 

column. <v 

2. Wash the column with three column volumes of the starting buffer. 

3. Apply the sample in the same buffer. 

4. Elute with 3.5 bed volumes of a decreasing linear gradient of ammonium sulphate 
(0.8-0 M) in 0.025 M potassium phosphate buffer pH 7.0. 

5. Elute with four bed volumes of a linear increasing gradient of 0-80% (v/v) 
ethylene glycol. • • 



Method Table 8. Hydrophobic interaction chromatography involving the use of a 
displacer during adsorption. '.- / ■ - ' - ... : 

Matrix : Phenyl Sepharose CL-4B (50 ml) 
Column : K-26/40 (2.9 X 9.4 cm) 

Application : Purification of natural human fibroblast interferon aFN). 

* • ■ * 

1. Remove fines and degas matrix, pack into column. 

2. Rinse with 0.5 litres of 40% (v/v) ethylene glycol in 0.02 M sodium phosphate 
buffer pH 7 + 0.15 M NaCl (PBS). 

3. Apply 1 litre of preparation containing 40% ethylene glycol in PBS at a flow 

rate of 10.5 ml cm~ ? h~ ! . 

4. Wash with 0.3 litres of 40% (v/v) ethylene glycpi in PBS. 

5. Recover IFN with 0.3 litre of 75% (v/v) ethylene glycol in PBS. Dilute 
immediately with 0.25 litre PBS; 

column after protein desorption. They tend, however, to cause protein denaturation. 
Non-ionic detergents are milder and can be used at levels of 1-3% without causing 
loss of activity (8). 

Frequently, a gradient of decreasing ionic strength is used followed by a gradient 
of an increasing concentration of a displacer to ensure desorption as given in Method 
Table 7. If the desired protein is very hydrophobic, displacers (55) may be used m 
the initiar adsorption conditions to prevent adsorption of other less hydrophobic 
contaminants (Method Table 5). Protein desorption may also be achieved using one- 
step elution (56) at reduced ionic strength. An example is given in Method Table 9. 
Both reducing ionic strength and increasing displacer gradients (57) may however .be 
applied at the same time (Method Table 10). V; 

Detergents may also be used in tandem in applications where strong hydrophobic 
adsorption has occurred. In the example shown in; Method Table 11, 1.5% Tween 80 
is used to remove cholate from the column during cytochrome c oxidase purification 
: (58) . The enzyme itself is then eluted using 1 % (w/v) Triton X- 1 00 which acts as a 
stronger non-ior»ic detergent. ; '' ' •: ' - 



Method Table 9. One-step elutioi 

Matrix : Phenyl Sepharose CL-4) 
Column : 2.6 X 26 cm 
Application : Human interleukin 

* . ' ■ ■ 

1. Remove fines, degas and p 

2. Equilibrate with 1 M amm'oi 
pH 6.8.. 

3. Apply sample, 

4. Wash with 450 ml of the » 

5. Elute with 800 ml of 0.2 M 
pH 6.8. • ' 

NB In this example it was necessar) 

human ILL 

•■ . • ■ ■ ■ . • • 

Method Table 10, Gradient elui 
displacer. 

Matrix : Octyl Sepharose CL-4B 
Column : K16/20 (bed volume 3 
Application: 0-amylase purificatu 



1. 

2. 

3. 
4. 
5. 



Remove fines and degas m 
Wash with 0.01 M sodium 
sulphate. 

Apply sample (40 ml in thi 
Wash with 85 ml of the sa 
Elute with a gradient of deci 
and increasing ethylene gl) 



The elution conditions necessary 
empirically. A decreasing ionic stn 
always be used initially. Failure i 
by using stronger elution condition* 
matrix. 

'6^2.;3^ m/ ]^e^:r^^naion m and si 
Prior to re-use, any tightly bound j 

"ur^i^irijd the supjk)rt washed in \ 

a eliitidti should; be removed with a 
by tWo:^^ volumes of butari-l-c 

' (^^is^ie^^water (54).- The bed is tf 
the gels are suspended in 0.02 % 0 



HIC using sequenti^ elation Svith 




>f 6.8 M ammonii^y^ 
sgas and riouraf a slu^ 



s of the starting buffer. 



... Aj- 



ar gradient of ammbnium isulphate 
buffer pH 7,0, ; 

easing gradient of 0-8b% (v/V) 



tography involving the use of a 



ast interferon (IFN). 

• - . - * . • * 

>lumn. '■■ 

• ■ 

col in 0.02 M sodium phosphate 
ethylene glycol in PBS at a flow 
glycol in PBS. 

ethylene glycol in PBS. Dilute 



>r,to cause protein denaturation, 
.evels of 1—3% without causing 

l is used followed by a gradient 
e desorption as given in Method 
displacers (55) may be used in 
tion of other less hydrophobic 
nay also be achieved using one- 
pie is given in Method Table 9. 
* gradients (57) may however be 

tions where strong hydrophobic 
ethod Table 11. 1.5% Tween 80 
'tochrome c oxidase purification 
v) Triton X-100 which acts as a 



S.Roe 



Method Table j. One-step elution using reduced ionic strength. 

Matrix : Phenyl Sephafbse CL-4B 
Column : 2.6 X 26 cm ■>■].'_ 

Application : Human interleukin 1 (IL1) purification 

1. Remove fines, degas and pack column. 

2. Equilibrate with 1 M ammonium sulphate in 10 mM potassium phosphate buffer 

3. Apply sample. .' : ;V- ; ; - .'. r 

4. Wash with 45a ml of the same buffer. 

5. Elute with 800 ml of 0.2 M ammonium sulphate and 10 mM phosphate buffer 
pH 6.8. ' . Y . : ■ 



NB in this example it was necessary to avoid the use of ethylene glycol since it denatures 
human ILL :• 

Method Table 10. Cradient elution using reduced ionic strength and increasing 
displacer. 



1 • •» ■ 



Matrix: Octyl Sepharose CL-4B 
Column : K16/20 (bed volume 30 ml) 
Application: 0-amylase purification 

1. . Remove fines and degas matrix, pack into column. 

2. Wash with 0.01 M sodium phosphate buffer pH 6.8 + 25% (w/v) ammonium 

sulphate. : _ 

3. Apply sample (40 ml in the same buffer). Flow rate = 25 ml h" . 

4. Wash with 85 ml of the same buffer. '•>.•' 

5. Elute with a gradient of decreasing ammonium sulphate concentration (25 —0%) 
and increasing ethylene glycol (0-5%) simultaneously. 

■ 

The elution conditions necessary for optimum protein separation must be determined 
empirically. A decreasing ionic strength gradient (down to just water), should, however, 
always be used initially. Failure to elute the required protein can theh be overcome 
by using stronger elution conditions (e.g. ethylene glycol) or by using a less hydrophobic 
matrix. * ■ 

6.2.3 Matrix regeneration and storage 

Prior to re-use, any tightly bound protein should be removed from the matrix with 6 M 
urea, and the support washed in starting buffer. Any detergents used during protein 
elution should be removed with an increasing ethanol gradient (up -to 95%) followed 
by two bed volumes of butan-l-ol, one bed volume of ethanol and one bed volume 
of distilled water (54). The bed is then washed with starting buffer. For prolonged storage 
the gels are suspended in 0.02% (v/v) merthiplate or 20-25% (v/v) ethanol and stored 
at 2-8°C. • *"V.'.- 
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Method Tabic 11. Use of two detergents in hydrophobic interaction chromatography. 

Matrix : Octyl Sepharose CL-4B 

Application : Cytochrome c oxidase purification 



1. 

2. 

3. 
4. 
5. 
6. 



Remove fines, degas matrix and pack into column. 

Equilibrate with Tris—cholate buffer pH 8 + 15% (w/v) ammonium sulphate, 
1 mMEDTA. 

Apply sample to column in same buffer at 4 ml min"* 1 .. 

Wash with 10% (w/v) cholate/50 mM Tris -sulphate (pH 8)'+ 1 mM EDTA. 

Elute cholate with 1,5% (v/v) Tween-80 in 50 mM Tris- sulphate. 

Elute cytochrome c oxidase with 1 % (v/v) Triton X-JOO in 50 mM Tris —sulphate. 



6.3 High performance HIC 

The influence of support hydrophobicity on the risk of protein denaturation has already 
been mentioned and should be kept in mind in the selection of HPLC packings. Certain 
matrices are now recommended for HIC and these have been listed in Table 17. 
In HPHIC, separations can be achieved in 30-60 min using flow rates of 0.5 -1 ml 



min* 1 {Figure 33). Slower flow rates (60-90 ml cm" 2 h~'; <0.4 ml min" 1 ) are 
however preferred. In the selection of column packings wide pore supports ( > 30 nm) 
are preferable for improved resolution; with pore sizes of 6 — 10 nm only surface 
adsorption of protein will occur (3). 

Finally, care should be taken to wash the HPLC system put with water after use to 
remove all traces of salts and minimize corrosion of metal pump components. 

Pharmacia-LKB also produce hydrophobic matrices for use in their FPLC system. 
The packings are based on 10 /im agarose particles (Superpse) for use at flow rates 
of 150 ml cm"" 2 h"' at a pressure of up to 400 p.s.i. The matrix has a capacity of 
10 mg ml"" 1 allowing purification of up to 80 mg of protein at a time. 

• ■ ■ 

6.4 Advantages and disadvantages of HIC 

Hydrophobic interaction chromatography provides a powerful additional means of 
separation which is applicable to the purification of most proteins. It is ideal for use 
immediately after salt precipitation where the ionic strength of the sample will enhance 
hydrophobic interaction. In purification where the required protein is eluted in a gradient 
of decreasing ionic strength, it can be followed by ion exchange with little need for 

buffer change.'-- \ '-'-'.['A '■ • - r! 

The diversity of potential eluting conditions can enable the resolution of even complex 
mixtures of proteins which would be difficult to separate by other chromatographic 
techniques. Predicting the best conditions for.separation is, however, difficult and an 
element of triy and error is involved in procesis 6ptim^Uon v The effectiveness O^^ 
is generally reduced by the presence of hydrophobic contaminants in the feed^ An 
additional problem encountered in the use of HIC is the strong conditions which are ; 
frequently required to elute proteins from hydrophobic matrices. This may involve the 
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0.5 ml/mm 
UV absorbc 



Recovery of enzymatic ac 




A280 




15 



: : F^rje^33.^a) HPLC chroma togram To 
R^jpitwup^ the permission of Blo-R 



bic interaction chromatography, 



-• ;> . '"• - - 

■' , 1 . ' t 

''•:•> .V., 



1,1' 



lumn. ■ ■ '-S 
15% (w/v) ammonium s 



ml min . 

llphate (pH 8) + 1 mM EDTA. 

0 mM Tris- sulphate. 

. X-100 in 50 mM Tris -Sulphate. 



■ > 



protein denaturatton has already 
:tion of HPLC packings. Certain 
lave been listed in Table 17. 
lin using flow rates of 0.5 -1 ml 
m" 2 h" 1 ; < 0.4 ml min" 1 ) are 
*s wide pore supports (> 30 nm) 
sizes of 6 — 10 nm only surface 

stem out with water after use to 
f metal pump components, 
s for use in their FPLC system. 
(Superose) for use at flow rates 
i. The matrix has a capacity of 
f protein at a time. 



a powerful additional means of 
most proteins. It is ideal for use 
ength of the sample will enhance 
ired protein is eluted in a gradient 
on exchange with little need for 

>le the resolution of even complex 
>arate by other chromatographic 
ion is, however, difficult and an 
ization . The effectiveness of HIC 
ic contaminants in the feed. An 
the strong conditions which are 
c matrices. This may involve the 



a 



Column: 
Sample: 
Eluaht': 



Flow rate : 
Detection 



Bio^Gel T5K PhenyU5PW.75x7.5mm ID 
1 mg in 0.1ml, commercial Upoxidase 

0.1 M sodium phosphate. pH 7.0 
B. 0.1M sodium phosphate. pH 7.0 

0.1 00% B 60 mialinedr gradient. 
0.5 ml/mm 

UV absorbance at 280nm : 



Recovery of enzymatic. activity was 89% 




A280 



Milk protein purification 

Sample ; . Fermented milk whey 

Buffer A,1.2,200pl 
Column: Alky I- Superose HR 5.5 
Row rate: 0.5 ml/rnin 
Buffer A: 6.1M phosphate. pH 7.0. 

2.0M(NH 4 ) 2 SO A 
0.1 M phosphate.pH7.0 
07* B for 5 min. 0-100<7.B 
in 30min. 



B: 

Gradient: 



<£- lactalbumin 




15 30 



Figure 33. (a) HPLC chrorratogram for the purification of Hpoxidase using hydrophobic interaction. 
Reproduced with the permission of Bio-Rad. (b) FPLC purification of milk proteins. Reproduced with the 
permission of Pharmacia-LKB. 
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Table 18. List of some commonly used reverse-phase packings. 



Manufacturer 


Packing name ';' 


Comments 


Alltech 


Synch rom RP 


• 

6.5 pm silica, 30 nm pores C,, C 4t 








Amicon 


Matrex 


10-20 ftm silica C gt C, 8 


Anachem 


Dyhamax 


12 ftm silica C 5 


Anachem 


Buio-Scries PEP RP1 


5 silica Cg 


Beckman 


. Ultrapore C 3 


5 /*m silica 30 nm pores 


Bio-Rad 


HUPore RP 


Silica C 4 or C, 8 


DuPont 


Zorbax PoIyF 


20 /im 


DuPont 


Zorbax Bio-Series 


'4 jim silica C g 


Perkin Elmer 


HCODs C| 8 


5, 10 fim silica 


Pharmacia-LKB 


Pro RPC 


5, 15 nm silica 


Phase-Sep 


Spherisorb ; 


C,-C,g Ocryl, Phenyl . 


Shandon 


Hypersil WP300 


Butyl, Octyl, 5, 10 ftm silica 


Shandon 


ODS. MOS Hypersil 


C g , C| 8 silica 


Vydac 


Vydac C 4 , C l8 


5 and 10 /im silica 


Waters 


P Bondapak 


C, 8 , CN. Phenyl 




Delta-Pak ' 


15 pm silica C 4 , C|g 


Whatman 


Protesil 300 


Octyl silica 30 nm pores 



• . ■ . . • " ■■ 

Table 19. Eleutropic scries of solvents for use in reverse-phase chromatography: stronger solvents 
have a greater eluting power for proteins on reverse-phase columns. 


- \ 

Increasing- 
polarity 


• Water 
i Methanol 

Acetonitrtle 
Ethanol 

Tetrahydrofuran ' : -1 
N-Propanol " . ' i 


Decreasing 
polarity 



use of rion-iohic detergents or ethylene glycol which can increase the likelihood of protein 
denaturation. The use of strong elulion conditions may also be required when the reduc- 
tion in ionic strength during elution encourages electrostatic interactions from charged 
groups on the adsorbent matrix. The use of HPLC for HIC must involve the regular 
washing out of salts so as to prevent corrosion. 

6.5 Reverse-phase chromatography (RPC) 

Reverse-phase techniques have traditionally been applied to the analysis of low molecular 
weight compounds using HPLC; It is characterized by the use of silica derivatized with 
alkyl functionalities (typically C 2 — C\z alkyl chains) and an aqueous mbbile phase 
containing an organic solvent such as methanol, propanol, acetonitrile and ethanol. Some 
commercially available reverse-phase packings are listed in Table 18, 

In addition to ligand density the length of the alkyl chain is proportional to the pack- 
ing hydrophobicity. Consequently C j g packings bind proteirts more tightly and are 
more likely to cause denaturation than C 8 or C 4 packings. Packings should always be 
chosen in which unreacted silanol groups are 'end-cappedVusing blocking agents such 
as trimethyl-chlorosilane. This minimizes interference adsorption of protein onto the 
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Figure 34 H PLC separations of proteins usi ng reverse-phase chromatography . Reproduced with remission 
from Whatman, (a) Separation of human serum proteins using Protesil 300 Diphenyl. Flow rate: 0.5 ml 
min* 1 , gradient 0-100% 1-propanol. (b) Separation of protein standards using Protesil 300. Flow rate 0.5 
ml min~ l . . . .. ■ . 

unreacted silanol groups which may cause loss of resolution and poor reproducibility. 
Furthermore, for protein purification, wide pore matrices (-30 nm) should be used 
in order to maximize capacity and resolution. Preservation of biological activity, when 
essential, should be checked before proceeding further with any selected column packing. 
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The mobile phase may be buffered (1 M strength) using sodium acetate or pyridinium 
formate at pH 4-6 to minimize protein adsorption to unreacted silanol groups; this 
^can be visualized as a narrowing of peak width. Protein retention is controlled using 
alteration of the polarity of the mobile phase by the addition of organic solvents. The 
most commonly used solvents may be arranged in an eleutropic series (Table 19). 
Inclusion of 'stronger' solvents such as acetonitrile and tetrahydrofuran in the mobile 
phase will give a greater reduction in retention time than the 'weaker* solvents such 
as ethanol and methanol. The optimum solvent composition depends on the packing 
used and the sample composition and is therefore a matter of trial and error. HPLC 
grade low-UV absorbance solvents should always be used and caution should be exer- 
cised in their handling (particularly tetrahydrofuran and acetonitrile)*. Examples of 
reverse-phase HPLC separations are shown in Figure 34. 

Elution is achieved using gradient or isocratic conditions. Gradient conditions may 
be preferred to reduce the separation time or improve the resolution of certain areas 
of chromatogram. Usually the strength of the solvent is increased during gradient elution, 
to 40-80% (v/v) propanpl or acetonitrile in water. Recently the use of the RPG has 
been extended to the Pharmacia FPLC system. The matrices are based on highly porous 
silica (5 or 1.5 /im) for use in glass columns at pressures up to 1500 p.s.i. The matrix 
recommended for protein purification is Pro RPC; like all silica matrices, its pH stability 
is restricted to between 2 and 8. Pro RPC is a wide pore matrix (300 nm) with a mixture 
of functional groups (C| or C^ mixed with C 8 ). Separations typically take 30-90 min 
at a flow rate of 60 ml cm" 2 h~V 

Protein retention may also be controlled by the addition of counter-ions. These are 
usually aliphatic molecules with a charged group which associate with the charged groups 
of a protein, increasing its hydrophobicity. Commonly used counter-ions (ion-pairing 
agents) include heptane sulphonate, tetra-n-butylammonium hydroxide, trifluoroacetic 
acid (TFA) or triemylarnmonium phosphate/acetate. TFA is volatile and therefore easy 
to remove after purification. 

Another method for altering the retention of proteins in RPHPLC is to change the 
operating pH such that relative hydrophobicity of the protein components is altered. 

6.6 Advantages and disadvantages of reverse-phase chromatography 

In the purification of peptides or proteins where retention of the native state is not essen- 
tial, RPC provides a high resolution technique which, using HPLC, can often separate 
proteins not resolvable using other chromatographic methods. In the purification of 
peptide hormones for example, it therefore represents a powerful technique. Its 
drawbacks are in the frequent use of toxic solvents such as acetonitrile and in its limited 
application to protein purification where denaturation is unacceptable. Note that silica 
based matrices will dissolve above pH 7.5. 



7. METAL CHELATE CHROMATOGRAPHY 

Metal chelate chromatography (59), developed by Porath and co-workers in 1975, is 
a refinement of ligand exchange chromatography (60) for me purification of high 
molecular weight and conformationaiiy unstable biopolymers. Jn ligand exchange 
chromatography sorption occurs between the sorbateimd matrix via coordination bonds: 
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of a complex-forming ion. This has traditionally been accomplished using sorbate 
cornplexation to metal cations retained on chelating resins and cation exchange resins. 
In metal chelate chromatography of proteins sorption occurs by the coordination of 
surface histidine, cysteine and tryptophan residues to transition metal ions such as Cu 2 * 
and Zn 2+ . ' v - V; ■ .V.*':'. - Y'-'\. . .. • 

The metal ion must be held in an accessible position away from the matrix so as 
to ensure efficient adsorption. This was achieved using imihodiacetate groups coupled 
to epichlorohydrin-activated agarose to form a bis-carboxymethylarnino agarose matrix 
which would then complex with metal cations. The coupling of imiriodiacetate to oxirane- 
activated agarose may be achieved in the laboratory (59,61) (Method Table 12). 
However, irainodiacetate-substituted agarose is also available from Pharrnacia-LKB. 
Iminodiacetate has also been coupled to other supports including Trisacryl GF 2000, 
a macroporoiis polyhydroxymethyl polymer (62) and epoxysilylated silica for use in 
high performance metal chelate chromatography (63). Chelating Sepharose-6B 
(Pharmacia-LKB) has been used to purify a large number of proteins, including trypsin 
isoinhibitors (64), mammalian interferons (65), fibronectin (66), macroglobulin (76) 
and albumin (68). 

■ * • . • ■ -♦. * * .'.*■.. ■ " 

7.1 Theory of metal chelate chromatography 

The cornplexation of the transition metals zinc and copper with histidine imidazole and 
cysteine thiol groups (59) is pH-dependent with neutral pH conditions providing the 
strongest level of adsorption. Under alkaline conditions coordination with amino groups 
provides a stronger but less selective adsorption. Other metal ions which can coordinate 
with histidine and cysteine residues include cobalt, nickel, manganese, cadmium, 
magnesium and calcium, although the affinity of proteins for these cations is generally 
less than for copper and zinc (69). The cornplexation of tryptophan residues with these 
metal cations is also suspected (65). 

Metal chelate chromatography therefore differs from conventional purification methods 
such as ion exchange and sorption since the interaction between protein and matrix 
does, not take place directly but occurs via the complex-forming metal ion (60). The 
complex once formed must be sufficiently stable so that protein binding can occur 
irrespective of salt and non-electrolyte concentration. The technique thus separates 
proteins according to the surface density and number of imidazole and thiol residues 
and therefore involves a highly selective sorption process. : 



Method Table 12. Method for the preparation of iminodiacetate-substituted agarose. 

I . Add 125 g of epoxy-activated agarose to 100 ml of 2 M sodium carbonate 
containing 20 g of the disodium salt of iminodiacetic acid. 

2. Shake gently for 24 h at 60-65 o C. 

3. Cool and wash the gel on a glass filter funnel using: 

(i) 0.1 M sodium carbonate; 

(ii) 0.01 M sodium acetate; 
(Hi) water. 
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Method Table 13. Procedure for protein purification using metal chelate 
chromatography. • • ■ . ■ . / • • 

1. Degas matrix and pack into column. - • ''V 

2 - Charge with metal ion in water (e.g. ZnCl 2 , or CuS0 4 -5H 2 0 1 mg rrd ). The 

most appropriate metal ion should be determined empirically beforehand. 

3 Equilibrate the column with a neutral pH buffer contammg salt to minimize 
electrostatic effects (e.g. 0.02 M phosphate, pH 7.5 + 0.5 M NaCl). 

4. Apply the sample pre-equilibrated in the same buffer. 

5. Wash the column with equilibration buffer. . . _ 

6. Elute protein using a reduced pH buffer e.g. 0.1 M sodium acetate, pH 

4-6 + 0.5 M NaCl. / eA . . ™_ A , n 

7 Elute strongly bound proteins using a chelating agent (e.g. 50 mM EDTA in 
' 50 mM sodium phosphate buffer pH 7 + 0.5 M NaCl). 

' > , , , — — ** ~~ — »— 

, ' . i II 1 ' " "*"***" 
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Subsequent elution is commonly achieved using a lower pH^hi*^lto^te 
protein-metal chelate complex (68). Although chelating agents (e.g. EDTA) provide 
little selective elution, they are frequently used to remove more strongly bound , p o- 
teins (59,64,66). The most appropriate metal ion for a particular %Pte*f"™* 
generally be determined empirically (69). Porath and co-woricers (59) found that for 
ferum protein purification copper and zinc ions were most effective and these are me 
metal ions of choice in most applications. ; ... 

While much data exists on the binding of metal ions to proteins m free solution it 
is not always applicable to sorption onto immobilized metal chelates (65). Human serum 
albumin binds to zinc via almost all of its 16 imidazole groups in free solution, but 
it is not retained on a zinc chelate matrix. * 

7 2 Experimental conditions 

The procedure for protein adsorption using metal chelate adsorbents is shown mMethod 
Table 13 

A similar quantity of agarose gel to that used in ion exchange is recommended (69), 
while a now rate of 20-25 ml cm" 3 h"' should provide opt.mum resolution (68VA 
ranee of metal ions should be tested initially on a protein sample to determine the most 
suiuble conditions . This is best achieved using a series of small te « columi« each pre- 
equilibrated with a different metal ion (e.g. CaCl 2 -2H 2 0, MgCl 2 -6H 2 0, MnCl 2 
CuS0 4 : each at 1 -5 mg mT >>. As mentioned previously, protein adsorption is best 
achieved under neutral conditions in the absence of chelating agents, If the metal 
tonLprotein binding is strong, the chelating properties ofTris-HCl buffer canbe 
to reduce the strength of binding, Salt (0.5 -10 M NaCl) should be added in all buffers 
to minimize electrostatic interaction (68). . V A ; 

Elution is typically achieved using 0.05-0.1 M sodium acetate buffer at pH 4-rt>. 
the lower the pH the more effective the elution. ■■ ^V^- 

Displacement elution conditions using imidazole, hishdine, glycine or ammon.um 
chloride can also be used, whUe 6.05^0.1 M Tris— HCl, pH 8 or Tns- acetate pH 
\ ..-3 may also prove successful (67). All elution buffers shoiild xontain salt. . ^ 
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Figure 3S. Principle of covalent chromatography. A protein (P) with a surface thiol provided by a cysteine 
residue reduces the ligahd disulphide with the release of the end-capping functionality (R). A new disulphide 
is formed between the protein surface cysteine and the matrix thiol. 

* «" . * * ; * * 

EDTA (0.05 M) should be used at the end of every purification to remove strongly 
bound protein and regenerate the column by stripping off bound metal ions. 



8. GOVALENT CHROMATOGRAPHY 

: Covalent chromatography was originally developed by Eldjam and Jellum (70) for the 
isolation of thiolrcontaining proteins using organomercurial-poly saccharide and involves 
a chemical reaction between the chromatographic material and a component in solution 
(71). Covalent chromatography is now generally used for the isolation of thiol-containing 
proteins by thiol— disulphide interaction, a method introduced by Bocklehurst and co- 
workers in 1973 (72,73). Protein tertiary and quaternary structure is frequentiy stabilized 
by intra- and inter-chain disulphide bridges formed by the oxidation of two cysteine 
residues. However, many proteins have non-oxidized surface cysteine side chains, which 
can be oxidized to form a mixed disulphide with a secondary thiol attached to a sta- 
tionary phase (Figure 35)1 # : 

The isolation of proteins by thiol —disulphide interchange involves the reaction of 
a matrix-attached disulphide 2 '-pyridyl group with a thioi-containing protein (Figure 36). 

The chromophoric pyridine-2-thione released can be monitored spectrophotometrically 
at 343 nm, allowing the adsorption of proteins to be simply assessed. After thiol- 
containing proteins are bound, loosely adsorbed contaminants are washed away and 
elution promoted by reducing agents such as cysteine, glutathione and dithiothreitol 
(74). After use the matrix is re-activated with 2,2'-dipyridyl disulphide. While cellulose, 
cross-linked dextran and polyacrylamide have all been used as matrix supports in covalent 
chromatography, agarose has been adopted as the matrix of choice in the largest number 
of separations (75). 

. . V • '' • • • .;• '•: -235 
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Figure 36. Adsorption, elution and regeneration steps in covalem chromatography by thiol -disulphide 
interchange. Reproduced with kind permission of Pharmacia-LKB.' 



8.1 Experimental techniques 

■ • • ■ * • . • • 

8.1.1 Adsorption 

This separation technique is usually applied to partially purified products with minimal 
non-protein contamination. It is therefore used following initial sample clean-up using 
salt-precipitation and ion-exchange chromatography (74). There are cases, however, 
where it has been used for protein isolation from relatively crude preparations (76). 

An example of a procedure for covalent chromatography using Thioprbpyl Sepharose 
is shown in Method Table 24. The pyridyl disulphide is attached to the cross-linked 
agarose matrix by a hydroxypropyl spacer arm. For the separation of larger proteins, 
activated Thiol Sepharose-4B is preferred. The lower degree of cross-linking and the 
longer spacer arm* used in Thiol Sepharose (glutathione) allow adsorption of larger 
proteins. The gel capacity is, however, rather lower than for Thjopropyl Sepharose^6B. 
Adsorption can be carried out using column or batch techniques. Both initial gel pre- 
treatment and sample application use mild conditions with buffering at neutral or mildly 
acidic pH (74). At pH 8 most thiol-containing proteins will react readily while at an 
acidic pH (~4) the selectivity of protein binding can be increased by the adsorption 
of proteins having an abnormally low ptf a value. This includes many cysteine 
proteinases such as papain which was selectively adsorbed at a low pH by Brocklehurst 
and co-workers (73). Papain has an active site cysteine residue which has an unusually 
low ptf a value due to intramolecular hydrogen bonding. 

- ' • ■*»■•■ , . t "i . * * * * * • * \ * « ■ 

8.1.2 Elution "; .v': '■][■' ./ 
Elution of bound proteins is achieved using low molecular weight thiols at a neutral 
pH. Removal of unreacted thiojpyridyl groups prior to protein elution can, however, 
be accomplished using 4 mM dithipthreitol or 2rmercaptoethanol in 0.1 M sodium 
acetate, pH 4 (74). Protein elution generally uses 20- 50 mM dithipthreitol or 
2-mercaptbethan ol in a neutral pH buffer.: : 
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Method Tajble 14. Procedure for covalent chromatography of proteins using Thiopropyl, 
Sepharose-6B. 7-: : .V/- . • ; 1 

1. : Swell gel for 15 ihin at room temperature in a buffer at neutral pH (e.g. 20 mM 

sodium phosphate, pH 7). 

2. Pack into column and wash through with the same buffer. 

3. Apply sample and wash off contaminants with the starter buffer. The adsorption 
step can be monitored at 343- nm. 

4. Elute bound protein sequentially with: 

(i) 5-25 mM L-cysteine +. 1 mM EDTA in a neutral buffer, pH 

7-8. ' .. 

(ii) 50 mM reduced glutathione + 1 mM EDTA in clution buffer. 

(iii) 20-50 mM 2-mercaptoethanol + 1 mM EDTA in elution buffer. 

(iv) 20-50 mM dithiothreitol + 1 mM EDTA in elution buffer. 



Hillson (77) developed a sequential elution method allowing increased selectivity 
during the desorption step. By using a series of thiols of increasing reducing strength 
or increasing concentrations of the same thiol, the degree of resolution of thiol-containing 
proteins can be improved (Method Table 14). [ 

.... , ■ ■ • » .* ■ *. 

8.1.3 Regeneration and storage 

Following protein elution, reducing agents must be displaced from the gel using 
30-40 mg ml" 1 2,2'-dipyridyl disulphide pH 8 (activated Thiol Sepharose). The 
recommended procedure for Thiopropyl Sepharose is as follows. 

(i) Mix one volume of 2,2'-dipyridyl disulphide (30-40 mg ml" 1 ) in ethanol or 
isopropanol with four volumes of gel in 0. 1 M borate buffer pH 8 + 1 mM 
EDTA. 

(ii) Reflux at 80*C for 3 h. 

(iii) Wash gel in ethanol and re-equilibrate in starting buffer. 

After use agarose gels should be stored refrigerated at pH 4 in a sealed bottle containing 
0.02% sodium azide. Do not allow the pH to drop below 4. Thiol-containing 
preservatives should be avoided. ; 

8.2 Advantages and disadvantages 

Covalent chromatography is a useful addition to the range of protein separation 
techniques currently available. Its selectivity for removing thiol-containing proteins has 
been used in a large number of applications. The specificity of the technique can be 
further increased by adjustment of the adsorption pH and by using the sequential elution - 
method. The high degree of specificity during the adsorption stage may allow its use 
in relatively crude applications (74) but at present the large-scale use of covalent 
chromatography is limited by its cost (71). Although this is offset by the re-usability 
of gel matrix, the .lengthy regeneration procedure involving a 3 h reflux step, is one 
drawback in its use. 
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9. OTHER ADSORPTION TECHNIQUES 

Apart from the adsorption phenomena already described, other mediators of protein 
adsorption include the following. 

(i) HydrQgen bonds formed by the interaction of a hydrogen atom covalently bonded 
to an electronegative atom with another electronegative atom having a lone 
electron pair. 

(ii) Van der Waals forces caused by the perturbations in the electron clouds of 
molecules. 

(iii) Dipole interactions between molecules with partial charge separations. 

Many different types of adsorbents thought to interact via these forces have been 
used in protein purification, for example, titania, alumina, Fullers Earth, Bentonite 
and Celite. However, singe the precise nature of the adsorption mechanism is not clear 
an empirical approach is frequently used in the choice of adsorption and elution 
conditions. Most of these materials have been used in the form of particulates and have 
the advantage of being relatively inert, easily sterilized, cheap and of low toxicity (8). 
However, significant problems are associated with their use including irreversible ad- 
sorption, column clogging, variable capacities and slow adsorption/desorption kinetics. 
With the advent of superior matrices based on polysaccharides such as celluloise their 
use is therefore limited. Only one adsorbent, hydroxylapatite, continues to attract much 
attention and its use is described below, 

9.1 Hydroxylapatite 

Calcium phosphate gels have been used in protein purification for some time (8). 
However, it was not until the development of crystalline calcium phosphate or 
hydroxylapatite by Tiselius and co-workers (78,79) that the flow characteristics of this 
adsorbent were improved sufficiently to allow its successful use in column 
chromatography. Nevertheless, the widespread use of hydroxylapatite (HA) has in the 
past been limited, due in part to predictability, the availability of alternative adsorbents 
with superior chromatographic properties and the lengthy laboratory preparation 
necessary for its use (80). 

Crystalline hydroxylapatite [Ca 10 (PO 4 )6(OH) 2 ] is prepared by slowly mixing calcium 
chloride and sodium phosphate to form a precipitate of brush ite (Ca2 HP0 4 -2H 2 0). 
The brushite is then boiled with sodium hydroxide or ammonia to convert it to hydroxyl- 
apatite. The mechanism of protein adsorption onto HA is thought to involve both Ca 2+ 
and PO4" groups on the crystal surface (81,82). Since these charged groups are closely 
arranged on the crystal it is likely that dipole— dipole interactions exist between adsorbent 
and protein although purely electrostatic; interactions cannot be ruled out. Bernadi (80,82) 
has suggested that acidic and neutral proteins bind to the hydroxylapatite calcium while 
basic proteins adsorb to surface phosphate groups. Exceptions to this rule include the 
phosphate binding capability of certain acidic proteins such as glycolytic and pentose 
phosphate pathway enzymes and aminoacyl tRNA synthetases. 

Commercially available hydrbxylapatites (83,84,85) and calcium phosphate-coated 
gels are now : available from several m^ the need 

for laboratory preparation of HA. It should be noted, however, that commercial HA 
may be inferior to fresh laboratory-prepared material . '•.//> - \ V 
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Since hydroxylapatite adsorbs proteins by a different mechanism to other separation 
techniques, it is a useful additional chromatographic procedure which can often be used 
to provide resolution of protein mixtures not achievable by alternative methods such 
as ion exchange and hydrophobic interaction chromatography. 

9.1.1 Adsorption conditions 

The adsorption of proteins using HA can be carried out using batch or column methods. 
For large volume samples the former should be preferred. Adsorption is typically carried 
out in a low concentration of sodium or phosphate buffer (<20 mM) at a neutral pH 
(80,86). For batch conditions an adsorption time of 30 min has been used with gentle 
agitation. It is essential to avoid the presence of substances with a stronger affinity for 
calcium than phosphate (eg. EDTA and citrate), since this will decrease the hydroxyl- 
apatite capacity (80) i In column chromatography the hydroxylapatite may be pre-washed 
in 0.5 M phosphate buffer pH 6.8 to ensure the removal of any adsorbed contaminants 
(86). The HA is then washed in a low concentration of phosphate buffer (pH 6.5 —7) 
prior to sample application. While the adsorption of acidic proteins is little affected 
.by the presence of sodium, potassium or calcium chloride, these salts may reduce the 
capacity of HA for basic proteins (80). Lysozyme, a basic protein, will not adsorb onto 
HA in the presence of 2 M KC1 (80). 

.. Typical flow rates used in column chromatography are 10—25 ml cm~ 2 h~ l with 
crystalline hydroxylapatite but the BDH spherical porous material may be used at up 
to 100 ml cm" 2 h" 1 . 

The capacity of HA for proteins is generally at its highest close to neutrality. Atkinson 
et aL (86), showed that the capacity of laboratory -prepared material for bovine plasma 
albumin was relatively constant at about 40 mg ml' 1 of HA between pH 6.5 and 7, 
but fell off rapidly above pH 7 (86). Commercially available hydroxylapatite preparations 
have quoted capacities of nearer 10 mg ml" 1 for protein (84,85). Following 
adsorption, the hydroxylapatite is usually washed with 1—2 volumes of a low 
concentration of phosphate buffer (-20 mM). . 

9.1.2 Elution conditions '■ \ ' 

Protein elution from hydroxylapatite is usually achieved with a stepwise or continuous 
gradient of increasing phosphate concentration up to 500 mM (80,86). Potassium 
phosphate is preferred to sodium phosphate at higher concentration and at 4°C due 
to its superior solubility. 

' Basic proteins (e.g. lysozyme) absorb strongly to HA and are usually el u ted at a 
phosphate concentration above 120 mM, pH 6.8, Acidic and neutral proteins may be 
eluted at lower concentrations (30-120 mM). Very basic proteins (e.g. iysine-rich 
histbnes) may require much stronger eluting conditions of up to 500 mM phosphate, 
An example of a procedure (87) for the fractionation of proteins using HA is given 
in Method Table J 5. The stepwise elution of proteins using an increasing concentration 
of phosphate may lead to severe peak tailing when used in column chromatography 
(80) and is best used under batch conditions. 

• The pH of the eluerit may have a significant effect on the concentration of phosphate 
required to desorb a protein. Atkinson and coworkers (86), found that although 



Method Table 15. Procedure for 



1. 



2. 



Suspend the hydroxylapatite 
of dry material should be u 

Pour the hydroxylapatite slur 
' and wash the column throt 
phosphate, pH 6.8, using a 
Apply the protein sample, ( 
. Wash the bed with two bed 
Eliite the protein with a lihea: 
e.g. 0.02- 0.5 M. potassium 
normally be used. 
Remove tightly bound proteir. 

: - 

NB Purifications carried out in the 
in concentration. 



3. 
4, 

i 

5. 



6. 



> ■ . 




Column ; 
R6w rate : 
Gradient : 

* • * • ' ' * \ m - * 

Sample : 



ir 

0.- 

o. 

io 
0. 
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Method Table 15. Procedure for the fractionation of proteins using hydroxylapatitef 

^ - • 

^ ^ - ' ■ ■ ■ - - - 

Suspend the hydroxylapatite in 20 mM potassium phosphate buffer pH 6.8. 1 g 
of dry material should be used per 10 mg of protein. 

Pour the hydroxylapatite slurry into die column (typical dimensions 2.5 x 25 cm) 
and wash the column through with five bed volumes of 20 mM potassium 
phosphate, pH 6.8, using a flow rate of —20 ml cm" 2 'h*?. ; - 
Apply the protein sample, preferably in the starting buffer. 
Wash the bed with two bed volumes of starting buffer at 20 ml cm" 2 h~V 
Elute the protein with a linear gradient of an increasing phosphate concentration, 
e.g. 0.02-0.5 M potassium phosphate, pH 6.8. Up to 10 bed volumes should 
normally be used. 

Remove tightly bound protein by continuing to elute with 0.5 M buffer at pH 6. 8. 

NB Purifications carried out in the cold should not use phosphate buffers over 0.5 M 
in concentration. 



3; 
4. 
5. 



6. 




IgG 



Column : 
Flow rate : 
Gradient 



Sample : 



Bio-Gel HPHT system 
1 ml /min 

0. 01 M Sodium phosphate 

0.30 mM Calcium chloride pH7 
to 0.01 mM Calcium chloride pH7 

0. 5ml Ascites fluid. 



Figure 37. HPLC purification of monoclonal antibodies using/hydiroxylapatite. Reproduced with permission 
from Bio-Rad. 
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tryptophan — tRNA synthetase, an acidic protein, requires a surprisingly high phosphate 
concentration (400 mM) to promote elution at pH 6.8, a concentration of less than 
250 mM is adequate at pH 7.5. Optimum resolution is obtained using hydroxylapatite 
in columns with a length: diameter ratio of between 5:1 and 15:1." Hydroxylapatite has 
a tendency to adsorb carbon dioxide to form a hard crust as a layer on the column 
top. This may cause an increase in back pressure and reduce the flow rate. The top! 
layer (—1 cm) of the column should therefore occasionally be removed. Bio-Rad also 

recommend that all water used in buffers should be boiled to remove carbon dioxide. 

■ :. . ' • . ' • . .' 

9.1.3 Regeneration and storage 

, Following elution the column should be washed thoroughly with 0.5 M phosphate buffer, 
pH 6.8 and then re-equilibrated in me starting buffer. Hydroxylapatite should be stored 
in a low concentration of phosphate buffer containing 0.03% (v/v) toluene or 0.03% 
(w/v) sodium azide. 

9.2 High performance hydroxylapatite 

Bio-Rad also market a hydroxylapatite material pre-packed in a stainless steel column 
for use in HPLC. The analytical scale column (4.8 ml bed volume) will purify 20 mg 
of protein per separation in less than 2 h using a flow rate of 0.5—1 mi min" 1 (83). 
Purification of larger amounts of protein (up to 100 mg per injection) necessitates the ; 
use of preparative-scale HPLC (5 X 2.5 cm column). A chromatogram for the 
purification of monoclonal antibodies using high performance hydroxylapatite is shown . 
in Figure 37. The conditions for protein separation, using an increasing concentration 
of phosphate for elution, are similar to those used in low pressure chromatography. 

10. REFERENCES ■ / / 

1. Cooncy.C.L. (1985) Comprehensive Biotechnology. Moo-Young, M. (ed.), Pcrgamon Press, Oxford, 
Vol. 2, p. 233. ■ 

2. Rausch,C.W., Heckendorf,A,H. (1985) Comprehensive Biotcchrwlogy. Woc>-YcMti%M. i 
Press, Oxford, Vol. 2, p. 537. ; - ♦ 

3. Osterman,L. A. (1986) Methods of Protein and Nucleic Acid Research, Part 3. Chromatography. Springer- 
Verlag, New York. .- 

4. Morris, C.J. and Morris.P. (1976) Separation Methods in Biochemistry. Pitman, London. 

5. Deyl,Z. (ed.) (1984) Separation Methods. New Comprehensive Biochemistry. Elsevier, Amsterdam, 
Vol. 8. ■ 

6. Yang ,C. and Tsaro.G.T. ( 1 982) Chromatography Advances in Biochemical Engineering. Springer- Verlag, 
New York, Vol. 25. 

7. Ruthvcn,D.M. (1984) Principles of Adsorption and Adsorption Processes. J, WUey and Sons, Chichester. 

8. Scopes, R. (1982) Protein Purification -Principles and Practice. Springer- Verlag, New York, Heidelberg, 
■■ .-Berlin. - •* 

9. Ion Exchange Chromatography— Principles and Methods. Pharmacia-LKB. 

10. Scawen^M. (1985) Enzymes, Org. Synth; W Symp., 40, 

11. Chase,H.A. (1984) In Ion Exchange Technology. Nader ,N. and Streat.M. (eds) /Ellis Horwood Ltd. 

.' p. 400. . . I"; ; . .'"'.V- ' ' 

12. Asenjo ,J . A . and Patrick J. ( 1 989) In Protein Purification Applications: A Practical Approach. 
Harris, E.L.V. and Angal,S. (eds), 1RL Press, Oxford. 

13. Osterman»L. A. (1 984) Methods of Protein and Nucleic Acid Research. Springer? Verlag, New York, 

Vol. U ■ 

14. Sterling Organ ics, Manufacturers Literature. 

15. Bernardi.G. (1971) In Methods in Enzymology, Jakoby, W.B. (ed.), Academic Press, New York, Vol. 

22, p.325. ■ .■ 

16. HaiIer,W. (1965) Nature, 206, 69}. \ 



17. Rohm & Haas Technical Information 

18. Amicon. A Practical Guide to Indust 

19. / Pharmacia Fine Chemicals A.B. (198 
(o the Design and Scale-up of Proteit 
Voser,W. and WaMser\H.P. (1985) DL 
Ellis Horwood Ltd, Vol. 116. 
Pharmacia Fine Chemicals. The Phar 
Vermeulcn.T., Le Van.M.D., Heister,? 
6th edition. Perry .R.H., Green.D.W. i 
16, 16. 1 -16.48. 

JansonJ.C. and Low, D. (1984) Worl 
Pharmacia Fine Chemicals. Sephadex 
Pharmacia Fine Chemicals. Sepharost 
Malamud.D. and Drysdale,J.V. (197f 
Righetti,P.O. and Caravaggio,T. (197 
Righetti.P.G., Tudor, O. and Ek.K. (1 
SIuyierman.L.A. and Elgersma.O. (1$ 
Sluyterman,L.A. and Wijdcnes,J. (191 
Sluyterrnan.L.A. and Wijdenes^. (191 
SIuyterman.L.A. and Wijdenes,J. (19* 
Pharmacia Fine Chemicals. Chromatq, 
Burness.A.T. and Pardoe,I.E. (1983)* 
Alexander,N.M. and NeeIey,W.E. (J< 
Bedi.G.S. and Back,N. (1984) Prep. , 
Kovaco,K.L., Tigyi,G. and Alforiz.H. 
Gal, Toth-Martine2,B.L. (1983) J. Oi 
v Wette,W. , Hudig,H. , Wacker.T. and 
Addison, J. , Lewis, W.G. and Harrison 
Campeau,J.D., Marrs.R.P. and Di 2e 
0'Carra,P., Barry.s; and Griffin.T. (. 
Er-El,2., Zaindenzaig.Y. and Shaltiel, 
Yon.R.J. (1972) Biochem. 126, 76 
Hofstee.BH.J. (1973) Anal. Biochem. 
Hjerten.S. (1973) /. Chromatogr. . 87, 
Axen.R., Pprath,J. and Ernback.S. (I! 
Porath,J., Sundbcrg.L., Fornstedl.N. i 
Hofstee.B.H.J. (1975) Biochem. Biopl 
Hjerten,S. (1976) Methods of Protein 
. Ochoa,JX. (1978) Biochemie, 63, I. 
Hjeilcn.S. (1976) Protides. Biol. Fluh 
Hofmeister,F. (1888) Arch. Exp. Path 
Pharmacia Fine Chemicals. Media for • 
Dembinskj,W,E. and Sulkowski,E. (1* 
Krakauer.T. (1984-85) Prep. Biochet 
Pharmacia Fine Chemicals. Octyl Phet 
Rosen,S. (1978) Biochem- Biophys. Ac, 
Porath,J., Carlsson^., OJsson.L and I 
Dakanoy.V.A. and Semechkin,A.V. C 
Hubirt\P. and Porath,J. (1980) J. Chr 
Moroux.Y. and Boschetti,E. (1983) In 4 
Int. Symp., Chaiken,I.M. et at (eds), 
SmaJl,D , Aikinson,t., Lowe.C^R. (1! 
Proc; 5th Symp. i Chaiken,I.M. et al. 
Salier,J.P., Martin ^J. P. , Lambin.P. , Mc . 
Sulkowski,E,, Vastola,K., Oleszek.D. 
and Related Techniques. Elsevier, Hpl 
Sinosich.M J,, Pavey,M.W., Teisner,: 
Harrison,H. and KagedaI,L. (1981) J. 
BoIIin,E. and Sulkowski,E. (1978) An 
Pharmacia Fine Chemicals. Chelating . 
Edljatn,L. and jeIlum,E. (1963) Acta. 



20 ? 

21. 
22. 



23. 
: 24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35; 

36. 

37. 

38. 

39.v 

40. 

41. 

42. 

43. 

44. 
45. 
46. 
47. 
.48; 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 

6i.: 

62. 
63. 
64. 

66. 
67. 
68. 
69. 
70. 



5* 



uires a surprisingly high pte^phate 
6.8,- a concentration of le^^than 
i is ob@ined using riydrbk^apati^ 
5: 1 and 15:1. Hyd^xyta^tti has 
rd crust as a layer on: the column 
and reduce the flpw^rite^^e-jtdp" 
sionally be removed. Bio-Rad also 
boiled to remove carbon dioxide, 




iughly with 0.5 M phc^phate buffer, 
r. Hydroxylapatite should be stored 
ing 0.03% (v/v) toluene or 0.03% 



•packed in a stainless steel column 
ml bed volume) will purify 20 mg 
low rate of 0.5-1 ml min" 1 (83)* 
) mg per injection) necessitates the 
•lumn). A chromatogram for the 
*formance hydroxylapatite is shown 
, using an increasing concentration 
I in low pressure chromatography. 



•Young, M. (ed.). Pergamon Press , Oxford, 

technology. Moo-Young,M. (ed.), Pergamon 

Research, Part 3. Chromatography, Springer- 

n Biochemistry. Pitman, London. ' 
ensive Biochemistry: Elsevier, Amsterdam, 

in Biochemical Engineering. Springer- Vertag, 

ion Processes. J. WiJey and Sons, Chichester. 
ice. Springer-Verlag, New York, Heidelberg, 

,\ Pharmacia- LKB. 

M. and Streat,M. (eds), Ellis Horwood-Ud, 
lion Applications: A. Practical Approach, 
cid Research. Springer-Verlag, New York, 



.B. (ed.) f Academic Press, New York, Vol. 



Verrall,M.S., (ed.), 



25. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38! 

39. 

40. 
41. 

42. 

43. 

44»- 

45. 

46. 

47. 

48v 

49. 

50. 

51: 

52. 

53. 

54. 

55. 

56., 

57. 

58. 

59. 

60. 

61. 

62. 

63 . 

64. 
65. 

66. 
67. 
68. 
69. 
70. 



■ . [[.■ .... \.- : ■ S.Roe 

' ' •■ •' • ' • • ■ : * ■ ■ ' • . 

Rohm &. Haas Technical Information: •'■ . * 

; Amtcon. A Practical Guide to Industrial Scale Protein Purification. 
Pharmacia Fine Chemicals A.B. (1984). Scale-up to Process Chromatography— a Systematic Guide 
to the Design.and Scale-up of Protein Purification for the Biotechnology Industry. ' 
Voser,W. and Walliser.H.P. (1985) Discovery ana" Isolation of Microbial Products. Ve 
Ellis HOrwtfod Ltd, Vol. 116. 
Pharmacia Fine Chemicals. The Pharmacia FPLC System. 

Vermeulen,T., Le Van t M.D., Heister,N.K. and Klein.G. (1984) Perrys Chemical Engineers Handbook. 
6th edition. Perry.R.H,, Green.D.W. and MalbneyJ.O. (eds), McGraw Hill Book Company, Section 
16, 16.1-16.48. y 

Janson,J.C. and Low.D. (1984) World Biotech Report Vol. 1, 305. 
Pharmacia Fine Chemicals. Sep hadex based Ion Exchange Media. 
Pharmacia Fine Chemicals. Sepharose based Ion Exchange media. 
: Malamud.D. and Drysdale,J.V. (1978) Anal. Biochem., 86, 620. 
Righetti.P.G. and Caravaggio,T. (1976) J. Chromatogr., 127, I. 
Righetti.P.G., Tudor,G. and Ek,K. (1981) J. Chromatogr.. 220, 115. 
Sluyterman.L.A. and Elgersma,0. (1978) J. Chromatogr., 150, 17. 
Sluyterman.L.A. and Wijdenes,J. (1981)7. Chromatogr.. 206, 441. 
Sluyterman.L.A. and Wijdenes^. (1981) /. Chromatogr,, 206, 429. 
Sluyterman.L.A. and Wijdenes,J. (1978)/. Chromatogr., 150, 31. 
Pharmacia Fine Chemicals. Chromntofocusing with Polybuffer and PBE. 
Burness.A.T. and Pardoe.l.E. (1983) /. Chromatogr., 259, 423. 
Alexandcr.N.M. and Neeley.W.E. (1982)7. Chromatogr., 230, 137. 
Bedi,G.S. and Back,N. (1984) Prep. Biochem:, 14, 257. 
Kovaco.K.L., Tigyi,G. and Alfonz.H; (1985) Prep: Biochem. , 15, 321. 
Gal, Toth-Martinez.B.L. (1983)7. Chromatogr., 264, 170. 

Wette,W., Hudig,H., Wacker.T. and Kreutz,W. (1983) 7. Chromatogr., 259, 341 . 
Addison, J., Lewis, W.G. and Harrison,P.M. (1984) 7. Chromatogr.. 292, 454. 
Campeau,J.D., Marrs.R.P. and Di Zerega,G.S. (1983) 7. Chromatogr., 262, 334. 
O'Carra.P., Barry ,S. and Griffin.T. (1974) FEBS Lett.. 43, 169. 

Er-El.Z., Zaindenzaig,Y. and Shaltiel.E. (1972) Biochem. Biophys. Res. Commun., 49, 383. 

Yon.RJ. (1972) Biochem. /.. 126, 765. 

Hofstee.B.HJ. (1973) Anal. Biochem., 52, 430. 

Hjerten, S. (1973) 7. Chromatogr., 87, 325. ••' 

Axen.R., Porath,J. and Ernback.S. (1967) Nature, 214, 1302. ," 

PorathJ., Sundberg.L., Fornstedt,N. and Olsson,I. (1973) Nature, 245, 465. 

Hofstee'B.HJ. (1975) Biochem. Biophys. Res. Common., 63, 618. 

Hjerten,S. (1976) Methods of Protein Separation. Catsimpoolis.N. (ed.), Plenum, Vol. 2, p. 233. 

Ochoa,J.L. (1978) Biochemie. 63, 1. 

Hjerten.S. (1976) Protides. BioL Fluids, 23, 667. 

Hofmeister.F. (1888) Arch. Exp. Pathol Pharmakol.. 24, 2471 

Pharmacia Fine Chemicals. Media for Hydrophobic Interaction Chromatography. 

Dembinski.W.E. and Sulkowski.E. (1986) Prep. Biochem.. 16, 175. . 

Krakauer,T. (1984-85) Prep. Biochem., 14, 449. 

Pharmacia Fine Chemicals. Ocryl Phenyl Sepharose for Hydrophobic Interaction Chromatography. 
Rosen.S. (1978) Biochem-Biophys. Acta, 523, 314. 

Porath,J., Carlsson,J., Olsson,!. and Belfrage,G. (1975) Nature, 258, 598. 
Dakanov , V . A . and Semechkin, A . V . ( 1 977) 7. Chromatogr. , 141, 3 13. 
Hubert,P. and Porath,J. (1980)7. Chromatogr., 198, 247. 

Moroux. Y. and Boschetti,E. (1983) In Affinity Chromatography and Biological Recognition. Proc. 5th 
Int. Symp., ChaikenJ.M. et al. (eds), p. 267. 

Small, D,, Atkinson.T., Lowe.C.R. (1983) In Affinity Chromatography and Biological Recognition. 
Proc. 5th Symp., Chaiken,I.M. et al. (eds), p. 267. 

Salier^.P., Marttn^I.P., Lambin,P., McPhec.H. and Hochstrasser,K. (1980) Anal. Biochem., 109, 273. 
Sulkowski,E., Vastola.K.^ Oteszek.D. and Von Muerichhausen,W. (1982) Affinity Chromatography 
and [ Related Techniques. Elsevier, Holland, pi 313. * 

Sinosich,MJ., Davey.M.W., Teisner,B. and GrudzinskasJ.G. (1983) Biochem. Int., 7, 33. 
Harrison, H. and Kagedal t L. (1981) J. Chromatogr., 333, 
Bollin.E. and Sulkowski.E. (1978) Archiv. Virol. , 58, 149. 
Pharmacia Fine Chemicals. Chelating Sepharose 6B. 
Edljam,L. and Jellum.E. (1963) Acta. Chem. Scan., 17, 2610. 



Separation based on structure 



71. BrockJehurst.K., Carlsson.J. and Kierstan.M.P.J. (1985) Topics in Enzyme and Fermentation 
Biotechnology, ... 

72. Brocklehurst.K., CarlssonJ., Kierstan.M.PJ. and Crook,E.M. (1973) Biochem, J„ 133 573 

73. Brocklehurst.K.. Carlsson,J., Kierstan,MJf> f J. and Crook.E.M. (1974) In Methods in Enzymolotry 
Jakoby,W.B. and Wilchek,M. (eds), Academic Press, New York, vol. 34B, p. 531. 

74. Pharmacia Fine Chemicals. Media for Covalent Chromatography. 

75. Separation News (1987) Pharmacia Fine Chemicals, Vol. 13.6. 

76. CarIsson,J. and Sverisoh.A. (1974) FEBS Lett,, 42, 1183. * 

77. HUlson.D.'A. (1981)7. Biochem. Biophys. Methods.. 4, 101. 

-78. Tiselius,A„ Hjerten p S. and Levin.O. (1956) Arch. Biochem. Biophys,, 65, 132. 

79. Hjerten,S. (1956) Biochem. Biophys. Acta., 31, 216. 

80. Benrnrdi.G. (1971) In Methods in Enzymobgy, Jakoby.W.B. (ed.), Academic Press, New York, vol.22 
p. 325. • 

81. Bernardi,0. and KawasaJci,T. (1968) Biochem. Biophys. Acta.,, 160., 301. 

82. Bemardi,G., Ciro,M-G. and Gaillard.C. (1972) Biochem. Biophys. Acta.. 278, 409. 

83. Bio-Rad Laboratories Ltd Catalogue 1987. 

84. HA Ultrogel, Hydroxylapatite-agarose gel for adsorption chromatography, TBV . 

85. Sterling Organics Ud. Macrosorb— Adsorbents for industrial scale biochemical separations 

86. Atkinson, A., Bradford.P. and Selmes,I.P. (1973) /. Appl. Otem. BiotcchnoL, 23, 517.- 

87. Kerry,J.A. and Kuok.F. (1986) Prep. Biochem.. 16, 199. 



* 



Purification by 



1 . INTRODUCTION — S . Angal an. 

Proteins carry out their biological ft 
consequently contain binding sites foi 
Ligands may be small molecules ss 
such as peptide hormones. The inter 
by the overall size and shape of the 
complementary surfaces. These coi 
of charged and hydrophobic moieties 
such as hydrogen bonds. This bind 
and often of a high affinity, can b< 
technique commonly known as aff 
The operation of affinity chrorm 

* * ■ * _ » 

(i) Choice of an appropriate lig 
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(Hi) Contacting the protein mixti 
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The construction of an affinity ads i 
involves three major factors. 

(i) Choice of a suitable ligand, 

(ii) Selection of a support matri 

(iii) Attachment of the ligand to 
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